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"We all laugh at pursuing a shadow,
though the lives of the multitudes are devoted to the chase."

– William Wordsworth
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Abstract

X-ray phase-contrast imaging has seen rapid development in recent decades
due to its superior performance in imaging low-absorption objects, compared
to traditional attenuation x-ray imaging. Having higher demand on coherence,
x-ray phase-contrast imaging is performed mostly at synchrotrons. With the
development of different imaging techniques, and the development of labora-
tory sources and x-ray optics, x-ray phase-contrast imaging can now be imple-
mented on laboratory systems, which is promising and practical for broader
range of applications.

The subject of this thesis is the implementation, development and compar-
ison of different laboratory phase-contrast methods using a liquid-metal-jet
source. The three x-ray phase-contrast imaging methods included in this
thesis are the propagation-, grating-, and speckle-based techniques. The
grating-based method has been implemented on a laboratory system with
a liquid-metal-jet source, which yields several times higher brightness than a
standard solid-anode microfocus source. This allows shorter exposure time or
a higher signal-to-noise ratio. The performance of the grating-based method
has been experimentally and numerically compared with the propagation-
based method, and the dose required to observe an object as a function of the
object’s diameter has been investigated with simulations. The result indicates
a lower dose requirement for the propagation-based method in this system but
a potential advantage for the grating-based method to detect relatively large
samples using a monochromatic beam.

The speckle-based method, both the speckle-tracking and speckle-scanning
techniques, has been implemented on a laboratory system for the first time,
showing its adaptability to radiation of low temporal coherence. Tomography
has been performed and shows the potential applications of this method on
quantitative analysis on both absorption and phase information of materi-
als. As a basis for further optimization and comparisons to other methods,
the noise properties of the differential phase contrast of the speckle-based
method have been studied and an analytical expression for the noise variance
introduced, showing a similarity to the grating-based method.
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Sammanfattning

Faskontrastavbildning med röntgenstrålning är en teknik som har utveck-
lats kraftigt de senaste årtiondena, eftersom den fungerar bättre än traditio-
nella, absorptionsbaserade röntgenundersökningar för objekt med låg absorp-
tion. Den har dock höga krav på koherens, vilket gjort att den huvudsakligen
används vid stora synkrotron-anläggningar. Tack vare utveckligen av nya av-
bildningstekniker, laboratoriekällor och röntgenoptik kan numera faskontrast
användas även med laboratoriesystem, vilket är lovande då tekniken kan an-
vändas vid ett större antal olika tillämpningsområden

Denna avhandling syftar till att tillämpa, utveckla och jämföra olika
faskontrastmetoder i laboratoriemiljö, med en metallstråleröntgenkälla. De
tre faskontrastmetoderna som behandlas i denna avhandling är propogation,
gitter och speckelbaserad faskontrast. Den gitterbaserade metoden har im-
plementerats i ett laboratoriesystem med en metallstrålekälla som ger flera
gånger högre radians än en vanlig, fast mikrofokuskälla. Den högre radians
en möjliggör kortare exponeringstider eller högre signal-brusförhållande. Den
gitterbaserade tekniken har jämförts experimentellt och numeriskt med den
propageringsbaserade metoden. Den strålningsdos som krävs för observera ett
objekt, som funktion av dess diameter, har jämförts för de båda teknikerna,
den här gången via simuleringar. Resultaten visar på en lägre strålningsdos
för den propagationsbaserade tekniken i detta fall, men även att det finns en
potentiell fördel för den gitterbaserade tekniken för något större objekt med
monokromatisk röntgenstrålning.

Speckelbaserade tekniker, nämare bestämt den som bygger på att spåra
speckel och den som bygger på att scanna diffusorn, har för första gången
implementerats i laboratoriemiljö. Därmed har visats att de fungerar även för
strålning med låg tidskoherens. Tekniken har även använts för tomografi och
visar möjliga tillämpningar inom kvantitativ analys av material. För att för-
enkla framtida optimeringar och jämförelser av tekniken med andra metoder,
har brusegenskaperna för den speckelbaserade metoden studerats och visat
sig likna den gitterbaserade metoden.
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Chapter 1

Introduction

While x-ray imaging is mainly known from clinical applications or in security checks,
the study and development of x-ray generation, detection and applications has
continued ever since x-rays were discovered in the late 19th century. The motivation
of this thesis is to implement and compare the performance of several recently
developed x-ray imaging methods using our laboratory system at the Biomedical
and X-Ray Physics (BIOX) Group, KTH, with the goal of finding better methods
for different applications.

1.1 Fundamentals of x-rays

X-rays were named by the German physicist Wilhelm Röntgen in 1895 as an un-
known form of radiation, and now normally refers to electromagnetic radiation
ranging from around 0.01 nm to 10 nm. It can be divided into soft and hard x-rays,
which corresponds to wavelengths from about 0.1 nm to 10 nm and from about
0.01 nm to 0.1 nm, respectively [1], as shown in the electromagnetic spectrum in
Fig. 1.1. As x-rays have such short wavelengths, comparable to the atom size, it is
sometimes more practical to describe x-rays as particles (photons). The conversion
between wavelength and photon energy is E = hc/λ ≈ 1239.8 nm · eV/λ, where h
is the Planck constant 6.626×10−34 J·s or 4.136×10−15 eV·s, c is the speed of light
2.998× 108 m/s, and λ is the wavelength.

X-rays interact with matter, which is essentially what allows all the applications.
One such interaction is the photoelectric effect, which happens when the incident
photon has higher energy than the binding energy of electrons to atoms. The
photon is absorbed and followed by the release of an electron as shown in Fig. 1.2(a).
Elastic scattering, such as Thomson scattering when a free electron is considered,
can happen when an x-ray photon collides with an electron without energy loss
between incident and emitted photons as shown in Fig. 1.2(b). Inelastic scattering,
known as Compton scattering, is when part of the incident photon energy transits
to the ejected electron and the scattered photon has lower energy, as shown in

1
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Fig. 1.2(c) [1].

Wavelength

Photon Energy

1 nm 1 Å1 mm1 mm 1 XU

10 keV 100 keV100 eV1 eV0.01 eV

Soft x-rays

Hard x-rays

Gamma raysVUV

EUV
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Infrared

Figure 1.1: Electromagnetic wave spectrum
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E
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Figure 1.2: Illustrations of x-rays interacting with matter. (a) The photoelectric effect
by which the atom is ionized. (b) Elastic scattering: Thomson scattering if the electron
is free, Rayleigh scattering if the electrons are bonded. (c) Inelastic scattering: Compton
scattering, where the emitted photon has a different energy from the incident photon.

1.2 X-ray imaging

Traditional x-ray imaging is based on contrast from x-rays that get attenuated
when passing through a medium. The attenuation is a combined effect of the
photoelectric effect and scatterings. The Beer-Lambert Law can be used to express
the attenuation as [2]

I(d) = I(0)e−µd, (1.1)

where d is the thickness of the material, µ is the attenuation coefficient of it, and
I(0) is the x-ray intensity at incident position 0.

The refractive index is used to describe how light propagates through a medium.
Using the complex form of the refractive index n = 1−δ+iβ, the attenuation of the
radiation can be conveniently taken into account. When far from the absorption
edge the decrement δ in the refractive index is given by [2]

δ = 2πρaZre/k2, (1.2)
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where ρa is the atomic number density, Z is the atomic number, re = 1
4πε0

e2

mec2 =
2.82 × 10−15 m is the classical electron radius, and k = 2π/λ is the wavenumber.
The imaginary part β is given by

β = ρaσa
2k , (1.3)

where σa is the attenuation cross section. It is the combination of the cross sections
of the photoelectric effect and scatterings (both elastic and inelastic).

Using the complex refractive index, the electromagnetic wave function for a
plane wave can be described as [3]

E(d, t) = E0e
i(nkd−ωt) = E0e

i(kd−ωt)︸ ︷︷ ︸
Evacuum

e−ikδd︸ ︷︷ ︸
phase shift

e−kβd︸ ︷︷ ︸
attenuation

, (1.4)

where d is the propagation distance, and w is the angular frequency. The first ex-
ponential term is the same as for wave propagation in vacuum, where the refractive
index is unity. The second term does not change the intensity of the wave as its
absolute value is 1, but causes instead a phase shift. The third term reduces the am-
plitude of the wave function causing attenuation. Therefore when passing through
a medium, a wave gets phase-shifted and attenuated, as illustrated in Fig. 1.3.

x φ(x)

α

θ
attenuation

Figure 1.3: A wave propagating
through an object gets attenuated
and phase-shifted compared to a
wave propagating through vacuum.

1 x 1 0 2 1 x 1 0 3 1 x 1 0 4

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

  

 

 

δ/
β

E n e r g y  ( e V )

 H  ( Z = 1 )
 C  ( Z = 6 )
 C a  ( Z = 2 0 )

Figure 1.4: δ/β of hydrogen (H), carbon
(C) and calcium (Ca) within the photon en-
ergy range of 100 to 30000 eV. Data are from
CRXO [4].

Using Eq. 1.4 the transmitted intensity can be calculated as

I =
(
E0e

−kβd)2 = I0e
−2kβd. (1.5)

It is then connected to the Beer-Lambert Law with a definition of β = µ/(2k). The
contrast from attenuation can be defined as

Absorption Contrast = |I0 − I|
I0

=
∣∣1− e−2kβd∣∣ ≈ 2kβd, (1.6)
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where the approximation is valid for low absorption, i.e., for low contrast. The
phase shift of the wave is

φ(x) = −kδd(x) = −2πρere
k
d(x), (1.7)

where ρe = ρaZ is the electron density. From Eqs. 1.6 and 1.7, attenuation and
phase contrast are essentially determined by δ and β of the material. In the hard
x-ray regime, low-Z materials normally have much larger δ than β. Figure 1.4
shows the ratio of the coefficients for hydrogen (H), carbon (C) and calcium (Ca)
as examples of common elements in biological samples. This indicates that phase-
contrast imaging has the potential of being much more sensitive than traditional
absorption-contrast imaging for light materials, which is the main motivation for
this thesis working on phase-contrast imaging.

The phase shift causes refraction of the beam as illustrated in Fig. 1.3 with an
example object of a wedge. The angle α between the propagation directions of the
exiting and incident beam can be calculated by the Snell’s law just as for visible
light. However, there are differences between visible light and x-rays. If the wedge
is made of glass which has a index of refraction of around 1.5 in visible light range,
and the top angle θ of the wedge is 30◦, from Snell’s law 1.5 sin θ = sin(θ − α)
we find α = −19◦, where the minus sign means the light is refracted downwards
instead of upwards as shown in Fig. 1.3. The same wedge passed by 20 keV hard
x-rays leads instead to α = 4.6×10−5[◦], which is too small to be measured directly.
Therefore different phase-contrast methods detect instead the intensity variations
of the beam caused by the phase shift and developed from different mechanisms.
Phase retrievals are done afterwards on detected images to retrieve the desired
information depending on the different mechanisms. More details are described in
Ch. 3, as this is the main topic of this thesis.

1.3 Outline of thesis

This thesis is divided into seven chapters, including this chapter that gives a basic
introduction of x-rays and x-ray imaging. Chapter 2 gives an overview of different
x-ray sources, among which the liquid-jet-target source is of special importance to
the work this thesis is based on. In Chapter 3 different x-ray phase-contrast imaging
methods are introduced, with emphasis on the propagation-, grating-, and speckle-
based methods. Experimental implementations and data processing is presented
in Chapter 4. Numerical modeling for the imaging system and for image quality
evaluation is described in Chapter 5. Chapter 6 discusses the properties of the
three phase-contrast methods and makes comparisons. The last chapter gives a
conclusion of the work covered by the thesis and an outlook for future work.



Chapter 2

X-ray sources

The development of x-ray sources plays a significant role in the development of
new x-ray imaging methods. Applications that require high-brilliance or high-
coherence radiations are achievable only with the right sources. This chapter gives
an overview of different types of commonly used artificial x-ray sources, including
compact sources and large facilities, i.e., synchrotron and free electron laser (FEL).

2.1 Compact sources

Compact sources include any types of sources that can fit in a normal-sized room,
from commercially available x-ray tubes for medical imaging or non-destructive
examination, to laboratory sources for research. Although overall compact sources
are less bright than large facility sources, they still play important roles as they are
widely applied in different fields due to their accessibility. This section introduces
compact sources in three categories: solid-target sources, liquid-jet-target sources
and inverse Compton sources.

2.1.1 Solid-target sources

Solid-target sources are the most commonly used x-ray sources, from the early-
stage Crookes tubes used in the discovery of x-rays, to modern high-performance
x-ray tubes in CT scanners. The principle of x-ray generation is shown in Fig. 2.1.
Bremsstrahlung, which means “braking radiation” in English, is produced when an
electron is deflected by an atomic nucleus. The lost kinetic energy of the electron
is converted into photons. Bremsstrahlung forms a continuous spectrum with an
upper limit of the incident electron’s energy. Characteristic radiation is produced
when an electron in an atom falls down to a lower energy state to fill in a vacancy
caused by electron ionization. The energy difference between these two energy
levels converts into a photon. This leads to discrete peaks in x-ray spectrum with

5
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energies specific to atomic number of the target material, as can be found in Fig. 2.2
superimposed on the continuous curves from bremsstrahlung.

+

e-

(a) Bremsstrahlung

+

e-
(b) Characteristic emission

Figure 2.1: X-rays from electron-impact sources can be generated through two processes:
(a) Bremsstrahlung and (b) characteristic emission.

tungsten anode (4W) 
Galinstan anode (40W) 

Bremsstrahlung

charateristic emission

Figure 2.2: Two spectra from a tungsten-anode source and a liquid-Galinstan-jet source
show a mixture of bremsstrahlung and characteristic emission lines. Adapted from Paper 1.

The structure of a solid-target source is illustrated in Fig. 2.3 (a) as an example
of a transmission-type target x-ray tube. Electrons are emitted from the heated
cathode, focused by electron optics, and strike the metal target, whereby x-rays are
generated. Cathodes are normally filaments or crystals, but carbon nanotubes have
recently been used as well [5]. The targets, in some cases also function as anodes,
have variant designs: transmission, reflection or rotating anodes. The design of a
rotating anode distributes the heat produced from the electrons over a larger area
to keep a lower temperature. As a matter of fact, most of the kinetic energy of the
electrons is converted into heat instead of x-ray photons. The conversion efficiency
from electron energy to x-rays is typically <1%, with a relation proportional to the
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target material Z and electron acceleration voltage [6]. For this reason, tungsten
is one of the most popular materials for solid anodes, due to its high Z and high
melting point.

Electrons

Heated
cathode

Anode
hole

Electron
optics

−

Transmission
target

X-rays

(a)

Electrons

Heated
cathode

Anode
hole

Electron
optics

−

X-rays

Metal jet

(b)

Figure 2.3: Illustration of two types of microfocus x-ray tubes with (a) a transmission
type solid target and (b) a liquid-metal target (top view).

2.1.2 Liquid-jet-target sources
As mentioned in the previous section, most of the incident electron energy converts
into heat in the anode. For some applications high spatial resolution is required,
which means the e-beam needs to be focused to a very small spot. Sources that can
achieve this are normally called microfocus sources. Solid-target microfocus sources
can only be operated at very low power in order not to melt the target [7]. The
maximum output power for commonly used target materials is 0.4 – 0.8 W/µm,
thus for example only 4 – 8 W can be safely applied for a 10-µm spot size.

Figure 2.4: Photo of a metal-jet x-ray source at BIOX, KTH.

The idea behind liquid-jet-target sources is to remove the concern of melting
the target by replacing it with a high-speed metal jet which can be regenerated
continuously, and therefore raise the limit of the operating power. The structure
of a typical liquid-target x-ray source, as demonstrated in Fig. 2.3 (b), is similar to
other solid-target microfocus sources, but with a metal jet as the target. Hence the
system also needs an extra pump to keep the jet circulating. The source used in
most of the thesis work is a prototype built at BIOX [8,9] as shown in Fig. 2.4. The
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target material is normally Galinstan, an alloy of Ga, In and Sn, which is in liquid
state at room temperature. Improved commercial versions are developed and for
sale at Excillum. The operational power can be up to 100 W for a 10-µm spot size
with the MetalJet D2 model [10]. An example spectrum from the prototype source
running at 40 W is shown in Fig. 2.2. A simulated spectrum of a tungsten-target
mircrofocus source running at 4 W is also shown for comparison.

2.1.3 Inverse Compton sources
Inverse Compton sources generate x-rays in a different manner compared to the
electron-impact sources discussed in the sections above. Inverse Compton sources
use a laser beam to collide with an electron beam, which is accelerated and circu-
lated in a storage ring, whereby inverse Compton scattering happens and x-rays
are generated in the process. As the laser pulse acts like an undulator, an inverse
Compton source can be regarded as a laboratory-scale synchrotron source [11].
The generated x-rays have a continuous tunable spectrum with relatively narrow
bandwidth (a few %) in a narrow cone shape (a few mrad divergence) [12].

2.2 Facilities

Facilities including synchrotrons and FELs are x-ray sources on a very large scale,
for example the MAX IV 3 GeV storage ring has a circumference of 528 m [13],
and LCLS has a total length of 3 km [14]. They also provide orders of magnitude
brighter x-rays compared to compact sources. For example the peak brilliance for
MAX IV is expected to be about 1022 photons/(s·mm2· mrad2·0.1% BW) [15], and
for LCLS it is 2× 1033 photons/(s·mm2· mrad2·0.1% BW) [16]. In these facilities,
x-rays are radiated when fast moving electrons are deviated in a magnetic field. For
synchrotrons the process happens in storage rings using bending magnets, wigglers
or undulators1, and many beamlines can operate simultaneously achieving differ-
ent properties of x-rays. An FEL is based on the same principle as synchrotrons,
but has a linear accelerator injecting electron bunches into a long undulator. The
electrons interact with the radiation emitted by them and get modulated into mi-
crobunches that emit in phase. The process is called self-amplified spontaneous
emission (SASE) and results in coherent, pulsed, high intensity x-rays with prop-
erties similar to those of a laser.

1Wigglers and undulators consist of a series of magnets producing an alternating magnetic
field so that electrons are forced to oscillate ("wiggle") inside. The radiation from a wiggler has a
broader energy spectrum than from an undulator.



Chapter 3

X-ray phase-contrast imaging

X-ray phase-contrast imaging (XPCI), as discussed briefly in Chapter 1, has a
potential advantage in the hard x-ray domain for low-Z materials, compared to
traditional absorption-contrast imaging. In the recent decades, thanks to the de-
velopment of x-ray sources and x-ray optics, XPCI has been realized and drawn
increased interest. Different imaging methods have been developed by using differ-
ent x-ray optics and measuring techniques. Some measure the refraction angle of
the x-rays, some image the interference pattern. Some need monochromatization,
due to the requirement of the optics, some can perform well with polychromatic
x-rays. Some require high spatial coherence, i.e., small spot size, while some work
well with extended sources. This chapter will introduce XPCI with an emphasis on
three particular methods: propagation-based imaging (PBI), grating-based imag-
ing (GBI) and speckle-based imaging (SBI). These three methods adapt well with
laboratory system, and this thesis is based on the study of them. An overview of a
few other methods is also given in the last section for completeness.

3.1 Propagation-based method

PBI, also called inline phase-contrast imaging, is practically the simplest phase-
contrast method, as no extra optics are required in the experimental arrangement
except a source, an object and a detector. Temporal coherence is not required,
but certain lateral spatial coherence is [17, 18]. The setup for PBI is very similar
to traditional radiography, only with a longer propagation distance between object
and detector, as illustrated in Fig. 3.1. When passing through an object, the x-ray
wave is perturbed. Propagation in free space lets the phase changes develop into
intensity variations that can be detected. With increasing propagation distance, the
imaging goes from the absorption-contrast regime, to the near-field imaging regime,
then to the holographic or intermediate-field regime, and furtherer to the far-field
or Fraunhofer diffraction regime [19]. For PBI the near-field regime is used, where
the phase contrast appears as edge enhancements, seen in Fig. 3.1 as bright and

9
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dark fringes at the edges. The image at distance z from an phase object illuminated
by a monochromatic plane wave can be approximately expressed as [20]

I(x, y, z) = I(x, y, 0)
(

1− λz

2π∇
2
⊥φ(x, y)

)
, (3.1)

where λ is the wavelength and φ is the phase shift induced by the object. It can be
seen that the phase contrast is proportional to the second derivative of the phase
shift. If φ is substituted by Eq. 1.7, Eq. 3.1 can be written as [19]

I(x, y, z) = I(x, y, 0)
(

1− λ2zreρe
2π ∇2

⊥d(x, y)
)
, (3.2)

where a constant ρe is assumed in the object. As a polychromatic beam can be
regarded as a sum of many monochromatic beams with varied wavelengths, the
image of it can therefore be seen as a weighted sum of the images from Eq. 3.2,
where λ2 is just a scaling factor which does not affect the linearity of the summation.
This explains the applicability of PBI on polychromatic sources.

samplein
ci

de
nt

 w
av

e

perturbed wave free-space propagation

Figure 3.1: Principle of propagation-based imaging. Examples of images with different
propagation distances are shown below. When the detector is placed closely after the
sample, an absorption-contrast image is acquired, as shown in the left-most one. Edge-
enhancements appear as the propagation distances get longer.

For simplicity in the discussions in this chapter, a plane wave is always used,
which is a good approximation when the source is far away from the sample, such as
at synchrotrons. For a compact system with a small source size, it is more accurate
to approximate the field as a spherical wave. The Fresnel scaling theorem states
that the illumination of a spherical wave is equivalent to that of a plane wave, if
evaluated at the effective propagation distance by scaling down the field coordinates
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and the field amplitude by a factor M , the geometrical magnification, as

|Esph(x, y, z)| = 1
M

∣∣∣Eplane

( x
M
,
y

M
,
z

M

)∣∣∣ , (3.3)

where z
M is also called the effective propagation distance. The derivation of the

theorem can be found in Ref. [21] Appendix B.

3.2 Grating-based method

GBI was adapted from visible light grating interferometry [22] to x-ray phase-
contrast imaging during the last decade [23, 24] and has become popular in many
fields due to its good adaptability to extended x-ray tubes [25]. Besides, the
multimodal imaging scheme offers comprehensive information to various applica-
tions from differential phase-contrast (DPC) images [26] and dark-field images [27],
whereby GBI has the potential to be an alternative to conventional x-ray radiogra-
phy with existing extended x-ray tubes.

3.2.1 Talbot effect
The principle behind GBI is a phenomenon called the Talbot effect or self-imaging
[28], where a periodic wave repeats its pattern at certain distances in the Fresnel
regime. For simplicity a one-dimensional binary infinite grating is considered in the
following discussion. At position z = 0 the grating is illuminated by a plane wave
with unit amplitude. The wave field at propagation distance z can be described
using Fourier series as [29]:

E(z) =
∑
m

Cm exp(i2πmx/p) exp(−iπλzm2/p2)

=
∑
m

Cm exp(i2πmx/p) exp
(
−i2πm2 z

zT

)
, (3.4)

where p is the period of the grating, Cm is the m:th Fourier coefficient and zT is
the Talbot distance:

zT = 2p2/λ. (3.5)

As can be seen from Eq. 3.4, E(NzT) = E(0), where N is an integer. Therefore
at these planes copies of the original periodic wavefront appear, which are called
Talbot or self images. When z = (N + 1/2)zT, which is half Talbot distance, the
wavefront is also reproduced but with a π phase shift, as shown in Fig. 3.2(a). Thus
it is called the inverse Talbot image.

Phase gratings are more commonly used for GBI as fewer photons are absorbed
by the grating. If so, the intensity is almost constant in the Talbot or inverse Talbot
images, and fractional Talbot distances are used instead in order to obtain variation
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(a) absorption grating

zTzT/2

(b) phase grating (π phase shift)

zTzT/16

(c) phase grating (π/2 phase shift)

zTzT/40 0

Figure 3.2: Talbot carpet of 1D binary (a) absorption grating, (b) phase grating with
a π phase shift and (c) phase grating with a π/2 phase shift. The dashed line shows a
fractional Talbot distance for each grating where binary fringes appear.

in intensity. For example phase gratings with a phase shift of π have binary fringes
with a period of p/2 at distances z = (2N + 1)zT/16, and phase gratings with π/2
phase shift have the binary fringes with a period of p at z = (2N+1)zT/4, as shown
in Fig. 3.2(b, c). A brief derivation of the Talbot effect with an example of a π/2
phase grating can be found in Appendix A.

3.2.2 Principle of GBI
Either a single grating, or a grating interferometer can be used for GBI. The phase
shift of the wavefront induced by an object will cause distortion of the periodic
pattern in the Talbot images as illustrated in Fig. 3.3. By tracking the displacement
of the periodic pattern s, we can obtain the refraction of the beam as α = s/z, where
the angle deviation is related to the phase shift as

α ≈ λ

2π
∂φ(x)
∂x

. (3.6)

Therefore GBI measures indirectly the first derivative of the phase shift. If a single
grating is used for GBI [30], the detector is placed at the desired (fractional) Talbot
distance to detect the periodic patterns. In the cases when the period of the Talbot
image is too small for the detector to resolve, a grating interferometer can be used.
A second grating (G2) is employed at the (fractional) Talbot distance from the first
grating (G1). G2 is normally an absorption grating closely placed in front of the
detector. If G2 mismatches in period or slightly inclines around the optical axis
with the Talbot image, Moiré patterns with larger periods that can be resolved by
the detector can appear. An example of the Moiré effect of two inclined fringes is
demonstrated in Fig. 3.4. As the object-induced phase shift of the beam will cause
distortion of the Moiré patterns, measurements can be done in a similar way as when
using a single grating [24]. The second operational mode is to have the gratings
with matching periods well aligned, and then step one of them laterally over the
Talbot fringe period [31]. The work in this thesis uses only this phase-stepping
mode for GBI, which is described further in the following part.
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x

α

z

s=αz

object grating

Figure 3.3: The principle of GBI: an
object causes a phase shift of the beam,
leading to the displacement of the Talbot
fringes.

Figure 3.4: Illustration of
the Moiré effect of two inclined
fringes.

3.2.3 Phase-stepping technique
The phase-stepping technique is well known in optical interferometry [32], where
the phase of the interference pattern from the laser beam is modulated by a moving
mirror, or a rotating polarizer, etc. For x-ray grating interferometry, the “inter-
ference pattern” is the convolution produced by stepping a grating over a period
when the detector pixel size is larger than one period. We assume a coherent plane
wave, and an ideal grating interferometer consisting of a binary π-phase-shift phase
grating G1 with a period of p1 and a binary absorption grating G2 with a period
p2 = p1/2 placed zT/16 after G1. Then the fractional Talbot image of G1 has the
same period as of G2. The principle is shown in Fig. 3.5 with an example of four
steps over one period of G2. In this ideal situation the profiles of the self-images
of the two binary gratings are rectangular functions, of which the convolution is a
triangular function. The four steps are marked on the convolution result showing
how the intensity varies between them. In this case the contrast of the intensity
pattern can be measured with visibility as

V = Imax − Imin

Imax + Imin
= 1, (3.7)

where Imax is at step 3 shown in Fig. 3.5, and Imin is at step 1.
In reality a source has a finite size. The intensity pattern can be treated as a

convolution of the triangular function with the shape function of the source spot,
normally approximated as a Gaussian function. The intensity function for pixel
(px, py) can be expressed as a Fourier series [33]

I(px, py, xg) = a0(px, py) +
∞∑
m=1

am(px, py) cos
(

2πm
p2

xg + ϕm(px, py)
)
. (3.8)

It is also shown that with a larger ratio of the demagnified source size to the period
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Figure 3.5: Illustration of phase-stepping process of a x-ray grating interferometer with
an example of four steps over a period of G2. The intensity function of one pixel can be
regarded as a convolution of the intensity function of the fractional Talbot image of G1
and the transmission function of G2.

p2, the visibility gets lower. When the demagnified source size approaches p2/2,
the visibility is almost zero [33].

Besides the transverse coherence, the temporal coherence also affects the visi-
bility [34]. Imperfections of the gratings and the point spread function (PSF) of
the detector can also lower the visibility. Normally for experimental data the first
order cosine function of Eq. 3.8 is already a good approximation for the smoothed
intensity pattern as

I(px, py, xg) = a0(px, py) + a1(px, py) cos
(

2π
p2
xg + ϕ1(px, py)

)
. (3.9)

When a sample in the beam induces refraction, the intensity pattern, the cosine
curve in this case, will also be shifted compared to the curve without a sample
(known as reference). In the mean while, the beam is also attenuated by the
sample. Small-angle scattering, second derivative of the phase, etc, can reduce the
contrast of the cosine curve [35]. These changes can be seen in the example in
Fig. 3.6(b), where the red and blue intensity data are from the marked pixel in
reference and sample images in Fig. 3.6(a) respectively. Three image models can
be defined using the three parameters in Eq. 3.9 as

T = as0
ar0
, (3.10)

∆ϕ = ϕs1 − ϕr1 = 2π s
p2

= λz

p2

∂φ(x)
∂x

, (3.11)

D = Vs
Vr

= as1a
r
0

as0a
r
1
, (3.12)
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Figure 3.6: The principle of image processing for GBI. (a) Examples of reference images
and sample images detected at different scan positions using an LMJ source. The sample
is a mouse kidney fixed on a metal holder by paraffin. (b) Intensity of the marked pixels
in (a) fitted into the cosine model in Eq. 3.9, from which the parameters a0, a1 and
ϕ1 can be retrieved for the reference and sample images, respectively. (c) Parameters
for all the pixels lead to three different signals: transmission, dark-field and differential
phase-contrast images.
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which are normally named transmission, differential phase-contrast and dark-field
image, respectively. The three image modes can be found in Fig. 3.6(c) as an
example.

The shift ∆ϕ in Eq. 3.11 is wrapped to the range [−π, π] due to the periodicity
of the intensity pattern. The refraction angle α is also wrapped between

[
−p2

2z ,
p2
2z
]
.

Therefore when objects induce refraction angles larger than the limit, phase wrap-
ping occurs and often appears at object’s edges as rapid jumping values [36]. Phase
wrapping occur in many other optical measurement methods as well, and hence
there exist variety of algorithms for the phase-unwrapping problem [37].

3.3 Speckle-based method

The recently developed speckle-based x-ray phase-contrast imaging [38, 39] can be
regarded as a generalized version of GBI. Unlike GBI which uses the fringes pro-
duced from a grating, SBI uses near-field speckle patterns [40] from some thin
subject with small random structures, known as diffuser. The principle of SBI is
shown in Fig. 3.7. Similar to GBI, the transverse shift is proportional to the phase
gradient as

s = αz ≈ λz

2π
∂φ(x)
∂x

. (3.13)

There are different operational modes for SBI, namely single-shot speckle tracking
[38,39] and speckle scanning [41], which are introduced here.

x

α

z

s=αz

object di�user

(a) (b)

sample

reference

Figure 3.7: (a) The principle of SBI is similar to GBI. The refraction of the beam leads
to the transverse shift of the speckle pattern. (b) An example of the experimental speckle
images with and without sample, between which the speckle pattern is shifted.
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3.3.1 Single-shot speckle tracking
The speckle-tracking (ST) technique is the simplest mode, which uses one speckle
image Is with sample in the beam (named sample image) and Ir without sam-
ple (named reference image). A model is built to assemble the attenuation and
transverse shift of the speckle image due to the sample as

Îs(r) = T (r + s)Ir(r + s), (3.14)

where T represents the transmission, and s is the transverse shift.
The data analysis is similar to template matching techniques in digital image

processing, where least squares and cross-correlation are two commonly used algo-
rithms [42].

(1) The least squares (LS) approach is applied for regression analysis in broad
fields. Here for speckle tracking the sum of the square difference between the
observation Is and the model Îs is written as

χ2(s) =
∑
wx

∑
wy

[
Îs − Is

]2
(3.15)

=
∑
wx

∑
wy

[T (r + s)Ir(r + s)− Is(r)]2 , (3.16)

where the summation is within a window with size wx × wy. The estimation ŝ is
found when LS is minimized.

Estimating s can be solved with an iterative approach combining with 2D in-
terpolation to achieve sub-pixel resolution. It has been shown a normalization of
the image makes the algorithm more robust [42].

This minimum can also be found by differentiating with respect to T under the
assumption that T (r + s) is almost constant within one window, therefore T and
χ2(s) can be calculated by solving ∂

(
χ2)/∂T = 0 [43]. If there is a matrix of [s]

which is within the presumed range of possible shift, then a map of χ2([s]) can
be calculated, in which we can locate the minimum and find the estimated ŝ that
satisfies it. To reach sub-pixel resolution, one approach is to fit a small region (for
example a 3×3 area) around the minimum in the map of χ2([s]) into a polynomial
function. Then a new minimum with higher accuracy can be calculated using the
function. Interpolation can also be used in this last step to replace polynomial
approximation.

(2) Cross-correlation (CC) is a measure of the similarity of two signals. For
continuous functions it is defined as

c(ξ) = f ? g =
∫
f∗(x)g(x+ ξ)dx (3.17)

= F−1{(F{f})∗ · F{g}}. (3.18)



18 CHAPTER 3. X-RAY PHASE-CONTRAST IMAGING

If we write Eq. 3.16 as

χ2(s) =
∑
wx

∑
wy

I2
s (r) +

∑
wx

∑
wy

T 2(r + s)I2
r (r + s)

− 2
∑
wx

∑
wy

T (r + s)Ir(r + s)Is(r), (3.19)

it can be seen as the sum of the autocorrelations of Is and Îs (the first two terms)
and the cross-correlation of them (the third term). It means finding the maximum
of the cross-correlation is equivalent to the least squares method if the intensity of
the two images are the same, and

∑
wx

∑
wy
I2
s (r) does not change with positions.

To overcome these effects, zero-normalized cross-correlation (ZNCC) can be used
and has shown a higher accuracy [44]. Using ZNCC means we can find s from Ir
and Is directly without first calculating T as follows

c(s) =
∑
wx

∑
wy

[
Ir(r + s)− Īr(r + s)

] [
Is(r)− Īs(r)

]
√
σIrσIs

, (3.20)

where σ is standard deviation of the intensity within the window, and Īs and Īr
are the mean signals over the summation window with and without object.

Equation 3.16 can be seen as using a 2D rectangular window. Other kinds
of windows can also be used, such as a 2D Hann window [43], which weights the
pixels within the window differently. A window function can therefore be included
for generalization, and Eq. 3.16 can be written as

χ2(r0, s) = w ∗
[
Î − I

]2
=
∑∑

w(r0 − r) ·
[
Îs(r)− Is(r)

]2
. (3.21)

Besides transmission and differential-phase image, SBI can also generate a dark-
field signal, similar to GBI. The dark-field signal can be defined similarly as the
"normalized visibility"

D =
Is
T − Īr
Ir − Īr

. (3.22)

Substituting Eq. 3.22 into Eq. 3.14 we can update the model to include the dark-
field signal as

Îs(r) = T
[
Īr(r + s) +D∆Ir(r + s)

]
, (3.23)

where ∆Ir(r + s) = Ir(r + s)− Īr. The parameters can be retrieved in the way as
described above but replaced with the new model.

This speckle-tracking operational mode is simple and fast, but the achieved
spatial resolution is limited by the correlation window size, which needs to be large
enough to have good visibility and statistical efficiency.
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3.3.2 Speckle scanning
To achieve higher spatial resolution than speckle tracking, the other operational
mode, speckle scanning, can be used [45, 46]. Similar to the phase-stepping tech-
nique in GBI, a series of images can also be acquired by stepping the diffuser
relative to the object in this technique. Different scan schemes can be applied: 2D
raster scan, 1D scan and other scan routines. The image processing algorithms for
speckle scanning follow the same principle as for speckle tracking, but also include
the relative stepping position to the diffuser d = (dx, dy) in the image model as

Îs(r + d) = T (r + d + s)Ir(r + d + s). (3.24)

The least squares method, in this case, needs to include all the scanning steps,
therefore Eq. 3.16 becomes

χ2(s) =
∑
wx

∑
wy

∑
dx

∑
dy

[
Îs − Is

]2
(3.25)

=
∑
wx

∑
wy

∑
dx

∑
dy

[T (r + d + s)Ir(r + d + s)− Is(r + d)]2 . (3.26)

For a 2D raster scan, which normally has many scan steps in total (for example
30×30 = 900 steps), the extra window is not necessary. In this case wx, wy = 1 and
the summation is only over d. It means the correlation process is done between the
intensity pattern of one pixel at different scan positions. Both least-squares and
cross-correlation can be used on the intensity maps for parameter retrieval.

For a 1D scan, normally a 1D window function can be defined. For example, if
the scan is done in the x direction, a 1D window in the y direction can be applied
so that in Eq. 3.26 the least square method can still be done in 2D as a sum over
wy and dx. Cross-correlation can also be used in the same way to retrieve shifts in
both two dimensions.

For other scanning schemes, for example in a spiral shape [47], window functions
can be decided depending on how many scan steps are taken. Cross-correlation in
these cases cannot be applied directly on the intensity maps, as dx and dy do not
fill in the grid of an image’s coordinates, but LS can still function as usual.

3.4 Other methods

For completeness this section gives a brief introduction to some other well-known
x-ray phase-contrast methods not applied in this thesis. There are more varieties
of techniques [48], but we will not cover all of them here.

(1) Crystal interferometry is the first XPCI method [49]. The principle of it
is illustrated in Fig. 3.8(a). Three crystals are used as beam splitter, transmission
mirror and analyzer, respectively. The phase shift induced by the sample can be
retrieved from the interference pattern of the two beams, in the same manner as
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Figure 3.8: Principle of some different x-ray phase-contrast imaging methods: (a) crystal
interferometry, (b) analyzer-based imaging and (c) edge illumination.

in the visible light interferometry. Crystal interferometry is very sensitive to phase
shift, with a high demand on radiation coherence and setup stability.

(2) Analyzer-based imaging is also known as diffraction-enhanced imag-
ing [50]. The arrangement consists a monochromator (also used as collimator)
and an analyzer crystal as shown in Fig. 3.8(b). When x-rays are refracted by an
object, the incident angle onto the analyzer crystal will be changed. By tuning the
rotation angle of the analyzer crystal, the refraction angle can be retrieved from
the measured shift of the rock curve of the crystal.

Analyzer-based method can in principle only use monochromatic light and thus
is normally limited to synchrotron sources. It has been successfully implemented
with laboratory sources [51,52], at a cost of long exposure times due to the low flux
after monochromatization.

(3) Edge illumination uses a pair of masks (also known as coded apertures),
one before the sample and one on the detector, to mask partial areas in the detector
to be inactive [53]. When the beam is refracted or scattered by the sample, the
intensity in some pixels will be varied as shown in Fig. 3.8(c). It has been shown that
the edge illumination method has low demand on spatial and temporal coherence
of x-rays, and therefore can be applied to extended laboratory sources [54].



Chapter 4

Experimental implementation

In this chapter the experimental implementations of the three XPCI methods that
are discussed in Ch. 3 are introduced, mainly on laboratory systems with an LMJ
source, with demonstrations of some experimental results. A few experiments were
performed at I13 coherence branch at Diamond Light Source.

4.1 Propagation-based method

As discussed in Sec. 3.1, the arrangement for PBI is as simple as traditional radio-
graphy. However, it has higher requirement on the source and the detector. The
x-ray source needs a small spot size to get enough spatial coherence. The detector
needs to have small pixel size (or PSF) to resolve edge enhancements. By mount-
ing the sample to a rotating stage, computed tomography (CT) can be combined
with PBI. Figure 4.1(a) illustrates the experimental arrangement, and (b) gives an
example of a projection image of a plastic (PET) wire in a liquid paraffin bath,
where edge enhancements can be clearly observed.

The limitation of the effective propagation distance zeff for PBI to remain in
the near field is [55]

zeff <
(2peff)2

λ
, (4.1)

where peff = p/M is the effective pixel size, and 2peff is assumed to be the best
possible resolution. However, the optimal distances are affected by many other
factors, for example:

1) With larger magnificationM = R1+R2
R1

, i.e., the ratio of the source-to-detector
to the source-to-object distance, the effective pixel size is smaller, which means
higher spatial resolution in the detected image. However, the source spot is also
magnified, which lowers the resolution. For this trade-off, the rule of thumb is that
the best magnification for achieving high resolution is when the magnified source
spot size matches the PSF of the detector.

21
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Figure 4.1: (a) Illustration of the experimental arrangement for PBI in a laboratory
system with an LMJ source. (b) Example of an experimental projection image with edge
enhancement (a PET wire in a paraffin bath), and its profile at the marked position. (c)
Phase-retrieved image from (b), and its profile at the marked position.

2) The phase contrast gets more pronounced with longer effective propagation
distance zeff = R2/M until the contrast transfer function (CTF)1 of phase reaches
its first maximum, as shown in Fig. 4.2. However, with a longer distance to source,
the detected flux will be lower, as it is proportional to the solid angle of the beam
that hits the detector. The trade-off between higher signal or lower noise also needs
to be considered for the experimental arrangement.

The optimization of the PBI has been studied experimentally and analyti-
cally [56, 57]. Reference [57] concludes that there is no unique solution for the
optimization, and parameters need to be adjusted depending on which quantity is
optimized for.
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Figure 4.2: Contrast transfer function (CTF) for absorption and phase information.
Adapted from [58].

As for PBI the phase contrast is mixed with the absorption contrast, to obtain
1In the weak-object approximation, the image intensity in Fourier space can be expressed

as [19]

I(u, v) = δ(u, v) + 2φ̃(u, v) sinχ− µ̃(u, v) cosχ,

where χ = πλz(u2 + v2), and sinχ and cosχ are defined as the contrast transfer function (CTF)
for the phase and amplitude, respectively.
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the phase information of the sample, a phase-retrieval process is necessary. Different
phase-retrieval methods have been compared by Burvall et al. [59], and in this thesis
Paganin’s method is used [60], but can be adjusted for a surrounding material
other than air in a manner similar to Beltran’s method [61]. It assumes one or two
materials in the sample, a large Fresnel number2 and a single exposure distance.
By applying some pre-knowledge or approximations of the materials in the sample
and the energy of the source, Eq. 3.1 can be solved to yield [60]

∆φ = k∆δ
∆µ ln

[
F−1

{
∆µ

F
{
M2I

}/
I0

4π2R2∆δ(u2 + v2)/M + ∆µ

}]
, (4.2)

where I is the detected intensity, I0 is the incident intensity, or so-called flatfield
image, u and v are the spatial frequencies in two directions, and ∆ means the
difference of the parameters between the two materials of interest that interface
with each other. Figure 4.1(c) shows the phase image retrieved from (b) as an
example, where ∆µ and ∆δ denote the differences between PET and paraffin.

4 mm

(a) (b) (c)

Figure 4.3: (a) X-ray projection image of a paperboard sample. (b) Phase-retrieved
image of (a), superimposed with contour lines based on color difference. (c) Photo of the
paperboard sample superimposed with the same contour line as in (b). Adapted from
Paper 7.

The phase map obtained after phase-retrieval shows the thickness distribution
of the sample if it has single material according to Eq. 1.7. An application for the
phase image is shown in Fig. 4.3, where a paperboard sample is imaged (a-b) with an
LMJ source and a geometrical magnification of 1.8, and (c) under visible light with
a camera. In paperboard industry a burnout method is used for quality control,
by which the thickness distribution of the coating shows as color patterns from the
charred cellulose layer, as shown in (c). As can be seen, the phase map of the same
sample in (b) shows similar patterns as in the photo, but in a non-destructive, and
much faster way.

Tomographic reconstructions are commonly done with filtered back projection
(FBP) [62]. The software Octopus [63] is often used in this thesis. The basic
procedure is to reorganize the projection images from all rotational angles into

2The Fresnel number is defined as F = a2

zλ
, where a is the characteristic size (radius) of the

smallest object feature or aperture.
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Figure 4.4: (a)Illustration of the central slice theorem. (b) An example from experi-
mental data to demonstrate the tomographic reconstruction process. The sample is three
plastic rods with different materials in a tube submerged in liquid paraffin.

sinograms. As a sinogram can be seen as a 2D Radon transform3 of a cross section
of the sample, so an inverse Radon transform can be applied on the sinograms to
reconstruct the slices at different height and thus in total a 3D image. The inverse
Radon transform can be solved by FBP based on the central slice theorem4 as
illustrated in Fig. 4.4. A ramp filter is normally used in Fourier space for the slice
in each angle. Some extra filters can also be applied to suppress high-frequency
noise.

For attenuation images, a logarithm is often applied on the normalized signals
so that the projections become

pa(ξ, θ) = − ln [Iθ(ξ)/I0] =
∫
µ(ξ, η) dη. (4.3)

Therefore the reconstruction gives the value of the attenuation coefficient µ directly.
For phase images, the signals can be divided by −k so that δ is obtained after
reconstruction as

pφ(ξ, θ) = −φ/k =
∫
δ(ξ, η) dη. (4.4)

For PBI, the tomographic reconstruction can be done either before or after phase
retrieval to reconstruct µ and δ. However, if there are strong edge-enhancements,

3The Radon transform of a distribution f(x, y) is given by [62]

p(ξ, θ) =
∫∫

f(x, y)δ(x cos θ + y sin θ − ξ) dxdy,

where δ is the Dirac function, x and y are the coordinates in the cross section, θ is the rotational
angle, and ξ is the coordinate in the projected images.

4The central slice theorem or projection-slice theorem states that the Fourier transform of a
projection p̃(v, θ) of a function f(x, y) is equal to a slice through the center in the Fourier space
f̃(vx, vy) of the function with inclination θ.
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0.5 mm

(a)

(b)

Figure 4.5: Sagital slices of tomograms from (a) before and (b) after phase retrieval.
The sample is a piece of paperboard.

the result will not be quantitatively accurate. Especially at the edges, where strong
phase contrast does not imply a large value of µ. Even so, the contrast of weak
or small features can still benefit qualitatively from the strong edge-enhancements.
Such features can be more easily observed in reconstructions without phase re-
trieval, which can be useful in some applications. As an example, two sagital slices
from the tomographic reconstructions before and after phase retrieval of the same
dataset are shown in Fig. 4.5. The sample, a piece of paperboard, absorbs weakly
and the contrast is mostly from edge enhancements as can be seen as the sharp con-
tours of the cellulose fibres in Fig. 4.5(a). This can be used to study the structure or
orientations of the cellulose fibres in the paper. However, to show the density dis-
tribution in the sample, phase retrieval is necessary. For example, the high-density
pigments, which are probably calcium carbonate, can be observed in Fig. 4.5(b) as
bright bulks among the fibres.

As Paganin’s method is used for phase retrieval in this thesis, when there are
more than two materials in the sample, the materials not considered in the phase
retrieval may not be able to be correctly retrieved. An example is given in Fig. 4.6
where the phase retrieval is done differently for interfaces between calcifications and
soft tissues in (a-c), and between adipose tissue and soft tissue in (d, e), respectively.
Either remaining edge enhancements as in (c) for adipose tissues or blurred edges as
in (d) for calcifications can be found. Other approaches such as iterative algorithms
[64], artifacts correction with threshold [65], or multi-distance imaging methods [66]
can be applied to solve this problem, at a cost of longer computational or exposure
time.
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(a) (b)

(e)

(d)

(c)

0.5 mm

0.1 mm

Figure 4.6: (a) Transverse slice from the tomographic reconstruction of a breast biopsy
sample in a tube. Phase retrieval is done before reconstruction, targeting the interfaces
between calcifications and the surrounding soft tissues with ∆β/∆δ = 0.0079. (b) ROI
with calcifications and (c) with adipose tissue are from the marked regions in (a). (d, e)
The same regions retrieved using ∆β/∆δ = 0.0014, targeting the interfaces between the
adipose and the soft tissues. Figure is adapted from Paper 2.

4.2 Grating-based method

GBI was implemented on the LMJ laboratory system for the first time in Pa-
per 1, and the experimental arrangement is shown in Fig. 4.7. The phase grating
is mounted on a piezo stage for phase stepping. The object is mounted on trans-
lational and rotational stages for the tomographic scan. All the scan processes are
controlled by a Labview program. A practical way of avoiding phase wrapping at
the sample edges in the differential phase-contrast signal is to have the object sub-
merged in a liquid bath, most commonly water or liquid paraffin. This reduces the
rapid change of phase between the sample and air. The specifications of the gratings
(used in Papers 1 and 2) are listed in Table 4.1. Compared to the ones designed
for a parallel beam, the period of gratings are designed to include the geometrical
magnification introduced by using a cone beam. In many laboratory setups where
an extended source is used, a thrid grating G0 can be put after the source, known as
source grating. It splits the beam into many thin lines, and thus creates an array of
virtual sources that offer sufficient transverse coherence individually but incoherent
mutually. The three-grating system is also known as Talbot-Lau interferometry. In
the experiments in this thesis, the source size was tuned to around 4 µm in the
direction perpendicular to the grating lines by adjusting the focus position of the
e-beam on the jet. This was small enough that no source grating was needed, and
thus all the experiments in this thesis were done without source grating.

When using a polychromatic source, the Talbot carpet, as in Fig. 3.2, is distorted
by the x-ray spectrum as shown in Fig. 4.8(a). The highest visibility therefore
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Absorption grating

Detector
Object

Liquid bath

Phase grating

Piezo stage

Actuator

Figure 4.7: Photo of an experimental arrangement for GBI.

Table 4.1: Grating specification

grating period (µm) material height (µm)
G1 4.12 Ni 10
G2 2.4 Au 60

may not be at the designed distance as can be seen in Fig. 4.8(b), but needs to
be found iteratively. As mentioned in 3.2, the demagnified source size lowers the
visibility, and hence a shorter distance R2 between G1 and G2 is preferred for higher
visibility. On the other hand, the local shift s induced by an object is proportional
to the distance R2, which means a larger distance leads to a higher sensitivity.
Besides, gratings cannot be perfectly fabricated, which may change the visibility
distribution. Hence, situations are quite complex in experiments, and it is not easy
to find an "optimal" arrangement. A simulation like in Fig. 4.8(b) can function
as a reference to indicate the approximate position to achieve a higher visibility.
However, the values of the simulated visibility do not comply with the values from
the experiments due to the imperfection of the gratings in reality. For example, the
visibility from simulations around the 3rd fractional Talbot distance is over 30%
in Fig. 4.8(b), but in experiments at the same distance the visibility obtained is
around 15%, as shown in the histogram of the visibility map from one experiment
in Fig. 4.9.

The principle of data processing for GBI was introduced in Sec. 3.3, involving
fitting the intensity curves from phase stepping into cosine functions. Least squares
algorithms can be used in this curve fitting process, but a more common way is
Fourier analysis [67, 68]. The Fourier coefficient Cm of the intensity function in
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Figure 4.8: (a) Talbot carpet simulated up to the Talbot distance from a grating with
10-µm-thick Ni lines with the spectrum from the LMJ source. The axis is marked as
n-th fractional Talbot distance (nzT/16). (b) Visibility as a function of the propagation
distance from simulations. Gratings are simulated with parameters listed in Table 4.1.
Source and detector are simulated to the ones used in experiments. A 100-µm Al filter is
simulated. The distances R1 and R2 are kept in ratio to match the designed magnification
of the gratings. Dashed lines are the fractional Talbot distances for the designed energy
for the phase grating.
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Figure 4.9: Histogram of visibility from an experiment using the LMJ laboratory system
at approximately 3rd factional Talbot distance.

Eq. 3.8 can be written as

Cm = 1
N

N−1∑
n=0

I(n) · e−i2π nNm, (4.5)

where n = Nxg/p2. This can be solved using a fast Fourier transform (FFT). The
parameters in Eq. 3.9 can then be obtained from the 0th and 1st Fourier coefficients
as

a0 = C0, (4.6)

a1 = 2 |C1| = 2
√
<2[C1] + =2[C1], (4.7)

ϕ1 = arg [C1] . (4.8)
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The tomographic reconstruction for GBI can also use FBP in a similar way for
PBI as discussed in the section before. Projections of DPC can be integrated into
the phase signal first, but a more common and faster way is to use a Hilbert filter
in FBP [69] as

h(v) = |v|
2πiv = 1

2πisgn(v) , (4.9)

based on the Fourier theorem for derivatives that F {df(x)/dx} = 2πiv
[
f̃(v)

]
. An

example of reconstructed results for the three signals are shown in Fig. 4.10 with a
sample of rat brain fixed in paraffin.

μ δ Dark-field

Figure 4.10: Absorption, phase and dark-field images of a rat brain sample embedded
in paraffin reconstructed from the same GBI tomography.

4.3 Speckle-based method

Figure 4.11: Photo of experimental arrangement for SBI at beamline I13, Diamond
Light Source.

Experiments using speckle-based methods are implemented in Papers 3-6. The
experimental arrangement of SBI is similar to that of PBI except for an extra
diffuser, as can be seen in the photo of an experiment arrangement in Fig. 4.11. The
diffuser can be taken from any object with random structures, for example paper,
biological membranes, or steel wool. In our study, we mostly use sandpapers due
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Figure 4.12: (a, b) Speckle images from two kinds of sandpaper (Micro-mesh abrasive
cloth 2400 and sandpaper p800) acquired using an LMJ source at a geometrical magnifi-
cation of 2.4 times. (c, d) Autocorrelation of the speckle images for evaluating the speckle
size. (e, f) Gradients of the speckle images to evaluate the visibility. Only x direction is
shown here.
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to the decent visibility they give in the energy range we use. Examples of speckle
images and their profiles of two different sandpapers can be found in Fig. 4.12(a,b).
They were taken using an LMJ source, a source-diffuser distance 0.55 m and a
source-detector distance 1.3 m. The effective pixel size in this case was 3.8 µm.
Auto-correlation and power spectrum density functions can be used to evaluate the
average speckle size [46, 70]. The FWHM of the autocorrelation function in (c) is
measured to be 23.0 µm horizontally and 21.5 µm vertically, and in (d) 12.8 µm
horizontally and 13.8 µm vertically. Figure 4.12(e, f) shows the gradients of speckle
images in x-direction as a measure of the visibility, which will be discussed in
Sec. 5.2. The gradients are calculated by central difference method [71]. It shows
both the contrast of the speckle pattern and the distribution of the speckles, in
another word, the speckle size. It can be observed that the sandpaper which has
larger grain size gives higher visibility, but absorbs more photons and gives larger
speckle size and hence lower resolution. Thus which diffuser to use depends on the
desired visibility and resolution.
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Figure 4.13: Flatfield corrected speckle images from the same sandpaper with the de-
tector at different distances. The LMJ source is used for image acquisition and different
magnifications are compensated for. Adapted from Paper 4.

The distances in the experimental arrangement for SBI are flexible, similar to
PBI. With longer effective propagation distances the visibility of the near-field
speckle pattern gets higher [40], as shown in Fig. 4.13. A longer propagation dis-
tance also means a higher sensitivity since s ∝ z. However, similar to PBI, there is
a trade-off between high sensitivity and high flux.

For the speckle-scanning technique, the step size and step number of the scan
can be adjusted flexibly according to the desired resolution, the total allowed ex-
posure time and other hardware or software limitations. The correlation window
during data processing needs to be adjusted to have a sufficient amount of pixels
for the correlation analysis. Figure 4.14(a) shows the results of a speckle-scanning
experiment, which is performed with 30×30 steps and 0.9 µm step size. As a com-
parison, the results from applying the single-shot tracking algorithm using just one
exposure is shown in Fig. 4.14(b). It can be clearly observed that the resolution is
higher for the speckle-scanning technique, at a cost of a much longer total exposure
time.
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Figure 4.14: (a) Sample made of PS and PMMA spheres in a PVC tube imaged by the
speckle-scanning technique. The sample is placed 0.4 m, the sandpaper 0.8 m and the
detector 1.6 m from the source. The scan is taken as 30×30 steps with 0.9 µm step size
and an exposure time of 1 min per step. (b) Speckle tracking using only one exposure.
(c) Phase map integrated from the gradients in (a) using an iterative method [70]. Figure
is adapted from Paper 4.

Tomography for SBI can be done similarly to GBI with all three kinds of image
modes: transmission, phase and dark-field signal [70, 72, 73]. Compared to using a
1D grating, the phase map of SBI is integrated from the gradients in both directions.
Therefore strip-shape artifacts from the integration of noise in one dimension can
be reduced, as shown in the example in Fig. 4.14(c) and in Paper 5. It has also
been shown in Paper 3 that the weighted least-square algorithm can reduce the
low-frequency background noise in the integration of the phase map, compared to
the Fourier-integration method that is commonly used for GBI.



Chapter 5

Models and metrics

This chapter introduces the numerical modeling used throughout in this thesis,
along with some metrics which are important for the quantitative evaluation of the
imaging system or image quality.

5.1 Simulations

Computer simulations are time- and cost-efficient tools for assessing, optimizing
and predicting imaging systems. Simulations can also be used to test conditions
that cannot be realized in real experiments, for example noise-free imaging or per-
fect detectors. Some figures generated by simulation are already shown in earlier
chapters, such as Figs. 3.1 and 3.2. In this section, the numerical modeling of the
imaging systems is introduced.

The general process for simulating the imaging systems for the three methods
discussed in this thesis is summarized in Fig. 5.1. The software tool for the simula-
tions in this thesis is MATLAB. The PhD thesis of U. Lundström [58] gives some
code, as examples of numerical implementation. Parts of the numerical models in
this thesis are developed from his work, and therefore shares the same principle.

The simulation starts from a monochromatic uniform plane wave. A spherical
wave can be effectively represented by a scaling process as in Eq. 3.3. The wave
is then transmitted through the objects. The projection approximation [21] and
Eq. 1.4 are used to model the attenuation and phase shift of the wave after the
objects. The material parameters of the objects are acquired and interpolated from
NIST [74] and CXRO [4]. In the same way, a diffuser is simulated for SBI as a layer
of cellulose and randomly distributed SiC grains, as a model of sandpaper [75]. The
shape of the grains are simulated as a combination of sphere, pyramid and wedge,
and the size of them are simulated according to the specification of the sandpapers.
For GBI, instead a phase grating is simulated at this stage. For simplicity, the
object and the diffuser or the phase grating are normally considered in the same

33
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Plane wave with
unit amplitude

Object Phase gratingDiffuser

Free-space
propagation

Source inten-
sity distribution Absorption grating

Detector response

PBI

SBI GBI

Figure 5.1: The process of simulation for PBI is in the middle column. For GBI two extra
steps are shown in the column to the right to include the Talbot grating interferometer.
For SBI a diffuser needs to be included as shown in the left column.

plane for the simulations. Extra propagation step can be added between them if
necessary.

For the wave propagating in free space in the near-field regime, the wave field
at position z can be calculated using the Huygens-Fresnel Principle as [21]

E(x, y) = − iz
λ

∫∫
E(x0, y0)exp(ikr)

r2 dx0 dy0. (5.1)

In the paraxial approximation,

r =
√
z2 + (x− x0)2 + (y − y0)2 (5.2)

≈ z

[
1 + 1

2

(
x− x0

z

)2
+ 1

2

(
y − y0

z

)2
]
. (5.3)
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Hence the Fresnel diffraction integral becomes

E(x, y) = − ie
ikz

λz

∫∫
E(x0, y0) exp

{
i
k

2z

[
(x− x0)2 + (y − y0)2

]}
dx0 dy0. (5.4)

This can be seen as a convolution of E(x0, y0) and a propagator

h(x, y) = − ie
ikz

λz
exp

[
ik

2z (x2 + y2)
]
. (5.5)

Therefore FFT can be used to evaluate the propagated field as

Ez = F−1 {F {E(x0, y0)} ·H} , (5.6)

with H(u, v) = F {h(x, y)} = eikz exp[−iπλz(u2 +v2)], where u = 1/x and v = 1/y
are the spatial frequencies.

If the source is not a point source, the blurring caused by the source spot can be
included through a convolution of Ez and the distribution function of the source,
normally assumed to be Gaussian distribution.

For GBI, an absorption grating is simulated. This step is repeated several times
for several grating positions to simulate the phase-stepping scheme, and a series of
intensity functions are obtained [76].

The last step is to visualize the intensity function on a detector. The inten-
sity function Iz = |Ez|2 is binned within one pixel area and converted into the
detector response. The photon number that reaches one pixel of the detector for
the simulated energy can be calculated from the known source spectrum, source
power, exposure time, pixel size and propagation distance. The detector’s response
can be calculated using its quantum efficiency (QE). The QE of a scintillator x-ray
detector is simulated to include the energy deposition in the scintillator by using
the Beer-Lambert Law and a response factor that is linear to the deposited energy.
The PSF of the detector can also be included by a convolution. Detector PSFs
are often approximated as Gaussian functions, but for the detector used in this
thesis (Photonic Science FDI-VHR) the PSF has been measured so a more realistic
function can be used [77].

When simulating polychromatic x-rays, the spectrum is partitioned into, for
example twenty, discrete points to represent the whole spectrum. The simulation is
repeated, and the detected image found as a sum of the simulated images for each
wavelength.

Noise in the images can be added according to the assumptions of the simu-
lations, e.g., Gaussian or Poisson distribution, white noise or other spectra. The
noise power spectrum (NPS) can be measured without object and used in the sim-
ulations. Readout noise can also be measured with dark-current images and added
to the images.

Examples of simulated images are given in Fig. 5.2 for PBI and GBI, and in
Fig. 5.3 for SBI, along with the corresponding experimental images. In Fig. 5.2
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Figure 5.2: Simulated and experimental results for PBI (a-d) and GBI (e-p) of a phantom
consisting of four PET wires in a liquid-paraffin bath. Their diameters were found to be
494, 213, 100 and 23 µm, respectively. For better visualization, the profiles are integrated
vertically from the images above them. Adapted from Paper 2.

the experiments were done using an LMJ source. The results are averaged over 24
images with the same exposure time. For GBI the scan has 5 phase steps and 2
minutes exposure time at each step. The total exposure time is 240 min for both
GBI and PBI. The profiles are integrated vertically for better visualization from the
images above them. In Fig. 5.3 the experimental images were obtained at beamline
I13 Diamond Light Source with a radiation energy 19 keV.

5.2 Noise property

Noise is an important factor that affects image quality, and hence studying the
noise behavior of the different methods is important in evaluating and predicting
their performance. In most of the cases, noise from dark-current of the detector,
readout noise, etc., play a relatively small role compared to photon noise. Hence
for simplicity in the noise models discussed here we assume only photon noise is
present in the input images.

For a radiography, i.e., a direct projection image, the standard deviation of
the photon noise equals the square root of the photon number due to its quantum
nature. This applies for both absorption-contrast images and PBI.

As GBI and SBI have different mechanisms to retrieve their signals, the noise
properties are expected to be different. The noise for GBI has been studied by
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Figure 5.3: (a) Speckle images obtained from experiments using sandpaper P800 without
(reference image) and with an object (sample image) in the beam. (b) Simulated speckle
images. (c) Retrieved transmission, refraction angle, and dark-field images from (a) using
the speckle-tracking technique. The refraction angle in the vertical direction is mostly
zero for this object and thus not shown. (d) Retrieved images from simulated images in
(b).

Revol, et al. and by other groups [78, 79]. Among the three signals from GBI, the
differential phase contrast is of main interest in this thesis. The variance of its noise
is given as

σ2
ϕ =

2
∑N−1
n=0 σ

2
n

V 2(NĪ)2
, (5.7)

where N is the number of phase steps, σn is the standard deviation of the photon
noise at the nth step, V is the visibility and Ī is the average intensity of all scan
steps.

The noise property of the DPC signal for SBI is studied in this thesis. In
Paper 6, a simplified noise model is adapted from studies on the digital image
correlation (DIC) techniques in other fields [71, 80] since they share similar algo-
rithms for retrieving information. The variance of the estimated local shift, which
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is proportional to the variance of the phase gradient, is given as [46]

σ2
sx ≈

2σ2∫∫
w
∣∣ ∂I
∂x

∣∣2 d2r
, (5.8)

where w is the window function for the correlation analysis, so the integration means
a sum of the gradients of the intensity within the window. Only sx is discussed since
the variance in the vertical direction is assumed to be the same. This simplified
model is valid under the following assumptions:

(1) The sample image can be modeled as a displaced reference image, i.e., we
assume a low-absorbing and smooth sample.

(2) The images have white Gaussian distributed photon noise.
(3) The assessment error e = ŝ−s is small enough that we can omit higher-order

terms in the Taylor expansion in the model as

Î(r) = I0(r + s + e)
≈ I0(r + s) +∇I0(r + s) · e. (5.9)

(4) The image sampling is perfect so the derivation does not need to include
interpolations.

(5) The speckle pattern is homogeneous throughout the images and the window
size is large enough that the covariance of the gradients in two directions can be
neglected as ∫∫

w
∂I

∂x

∂I

∂y
d2r ≈ 0. (5.10)

A visibility concept for the speckle-tracking technique may be defined as

Vx =

√
1
N

N∑∣∣∣∣∂I∂x
∣∣∣∣2/Ī , (5.11)

where x denotes the gradient in the x direction and N is the total number of pixels
within a window by using a rectangular window function. This concept can be
interpreted as the normalized average gradient of the speckle pattern within the
window, indicating the absolute contrast of the speckles. Thus Eq. 5.8 can be
written as

σ2
sx = 2σ2

V 2
xNĪ

2
, (5.12)

which transforms into a similar form to Eq. 5.7 for the grating-based method. More
details on the derivation, and support from simulations and experiments, for this
model can be found in Paper 6.
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5.3 Signal-to-noise ratio

Signal-to-noise ratio (SNR) is one of the most commonly used concepts to quantify
image quality by including both the signal strength and the noise level. If there
is only quantum photon noise in the traditional attenuation image, SNR can be
expressed as

SNR = S

σ
= N√

N
=
√
N, (5.13)

where S represents the signal, which is proportional to the photon number N . For
phase-contrast imaging, SNR2 is often used in this thesis as [81]

SNR2 =
ROI∑ |∆S|2

σ2 , (5.14)

where |∆S| represents the absolute signal difference from the background, σ2 is
the variance of the noise in the background, and the summation is over the whole
image or region of interest (ROI). The absolute is necessary as the phase contrast
can be both positive and negative. This can also be called contrast-to-noise ratio
(CNR) if no summation is made. In order to consider the impact at different spatial
frequencies, SNR2 can also be calculated in the Fourier space as [82]

SNR2 =
∫∫
|∆G(u)|2

NPS(u) d
2u, (5.15)

where ∆G is the difference in the expected signal with and without objects and
NPS is the noise power spectrum. This calculation of SNR is assumed to have
an ideal observer in a signal-known-exactly background-known-exactly task. The
Rose criteria approximates that if SNR> 5, then it can be detected by human
eyes [83]. This concept has been adapted in Paper 2 for quantifying the detectability
of different imaging methods at a threshold of SNR2 = 25.

5.4 Dose

As x-rays have high enough photon energy to ionize atoms or disrupt molecular
bonds, it can cause radiation damage to materials and living tissues. Therefore it
is important to have radiation dose in consideration when discussing x-ray imaging,
especially for medical-oriented purposes. Currently the best model agreed by most
experts for radiation risk estimation is linear extrapolation, which means the lower
dose the better [84].

The absorbed dose is defined as the energy absorbed per unit mass of material
as [85]

D = ∆E
∆m = E(1− e−µend)

ρV
, (5.16)
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where µen is the energy-absorption coefficient, ρ is the density of the object material,
d is the length x-rays pass through in the material, and V is the volume of the object.
The SI unit of the absorbed dose is gray (Gy), named after the English physicist
and radiobiologist Louis Harold Gray, with 1 Gy = 1 J/kg. Equivalent dose is
another term, derived from the absorbed dose but also taking into account the
damage potential to biological tissues by different types of radiation. It is defined
as H =

∑
R (WRDR), where WR is the weighting factor of different radiation

types [86], and DR is the absorbed dose by radiation type R. For example WR = 1
for photons and electrons, WR = 2 for protons and WR = 20 for alpha particles. It
represents the dose of absorbed radiation that has the same biological effect as 1 Gy
of absorbed gamma rays. The SI unit for equivalent dose is sievert (Sv), named
after the Swedish medical physicist Rolf Maximilian Sievert. For x-rays, WR = 1,
and 1 Sv = 1 Gy.

In this thesis, dose is mostly estimated using Eq. 5.16 with the mass energy-
absorption coefficients from NIST [74]. More precise Monte Carlo simulations have
been performed [87] using the Penelope 2006 software [88] to verify some of the
dose calculations.



Chapter 6

Comparisons

As discussed in former chapters, both the type of signal and the noise properties
differ for different imaging methods. It is useful to know the advantages and disad-
vantages of them, so that appropriate choices can be made for various applications.
It is not easy to compare comprehensively all the characteristics of these diverse
methods, but comparisons can still be made for certain aspects and specific applica-
tions. This chapter discusses some comparisons of the three different phase-contrast
imaging methods, experimentally and numerically.

6.1 Experiments

6.1.1 PBI and GBI
Experiments have been conducted on the same objects with the same dose con-
ditions for PBI and GBI, for a comparison in Paper 2. One example is shown in
Fig. 6.1. The object is a phantom made of PET wires with different diameters
immersed in a liquid paraffin bath, the same as the one in Fig. 5.2. The distances
in the experimental arrangement are listed in Table 6.1. The GBI scan consists of
360 projections over 180◦ and 5 phase steps per projection. The exposure time for
each phase step is 1 min and consequently 30 h in total. The scan for PBI has the
same number of phase-retrieved projections with the same total exposure time, and
hence the same dose.

Table 6.1: Experiment arrangement: distances from the source

Object G1 G2 Detector
GBI 0.874 m 0.903 m 1.0525 m ( 3

16zT ) 1.091 m
PBI 0.874 m - - 2.188 m

41
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PBI

GBI

200 µm

Figure 6.1: Reconstructed δ of a cylindric phantom from a tomographic scan using PBI
and GBI with the same dose. CNR from the marked region is approximately 40 in (a)
and 7 in (b). Adapted from Paper 2.

It is clearly seen from Fig. 6.1 that the noise level in the slice from GBI is higher
than in the one from PBI. To show the difference, CNR is calculated from the ROI
marked in the figure using CNR =

(
δ̄PET − δ̄paraffin

)
/σparaffin. For PBI and GBI

the results are approximately 40 and 7, respectively. It is not unexpected that
PBI has higher CNR than GBI if we look back at Eq. 5.7 of the noise variance
for GBI differential phase signal, which contains an extra factor 2

V 2 , in addition to
the standard deviation of the photon noise. We can also note from the figure that
the thinnest wire indicated by an arrow, with a diameter of 23 µm, is visible in
the PBI image but not in the GBI image. This is partly due to the higher noise,
and partly due to the smaller geometrical magnification GBI has in this particular
arrangement.

Another comparison between two slices from tomographic scans of a rat brain
is shown in Fig. 6.2 to support the result shown above. The experimental arrange-
ment is the same as described in Table 6.1. The projection images for PBI are
binned by 2×2 before CT reconstruction to compensate for the different geomet-
rical magnifications of the two methods. The exposure time is in total 60 h for a
tomogram with 720 projections over 360 degrees. Compared to the images from
PBI, the ones from GBI are clearly noisier. The CNR calculated from the regions
marked by dashed lines in the images is 64 for PBI and 4.4 for GBI. The cytoar-
chitectural boundaries in hippocampus shown in (c) are hardly visible in (e). PBI
thus is a better option for this kind of application that requires high resolution,
such as virtual segmentation for small biological samples.

As shown in Fig. 4.6, phase retrieval for PBI requires prior knowledge of the
materials in the object. When the object contains more than two materials, it can
be difficult to retrieve all of them correctly. GBI, on the contrary, does not require
prior knowledge of the materials in the retrieval process, and both µ and δ can
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(a) (e)

(f )

(c)

(d)

(b)

Figure 6.2: Reconstruction slices of (a) PBI and (b) GBI phase image from tomographic
scans with the same total exposure time of a rat brain. The magnified image of (c) a
region of hippocampus and (d) a region containing a cerebral aqueduct are marked with
solid lines in (a). The same regions from GBI are in (e, f). The scale bars in the figures
are 0.6 mm. Adapted from Paper B.

be retrieved quantitatively [89]. This gives GBI an advantage in for example some
applications in material science.

6.1.2 GBI and SBI
Working towards a comparison of grating- and speckle-based imaging, experiments
using the two methods are performed with the same dose [90]. One is shown in
Fig. 6.3. The sample, a shrimp, was imaged by both methods using an LMJ source
at the same distance with the same total exposure time. The propagation distances
are different, though, since SBI does not need to comply with specific Talbot dis-
tances. The geometrical magnification is 1.4 for GBI and 2.3 for SBI. During the
data processing for SBI, we used speckle tracking with a rectangular window size
of 24×24 pixels. This means the spatial resolution is limited to approximately 24
effective pixel sizes for SBI. Therefore using the speckle-tracking technique, we get
lower spatial resolution than GBI, even if the magnification is larger in this case,
as can be found in Fig. 6.3(h) and (i). The standard deviation of the background
from GBI in (h) is clearly higher than in (i) from SBI, which is found to be 0.8 µrad
and 0.2 µrad, respectively. However, the individual hairs are not resolved in (i) by
using the speckle-tracking technique.

The conclusion of this preliminary work is that the speckle-tracking technique
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Figure 6.3: (a-c) Transmission, refraction angle α and dark-field image of a shrimp head
using GBI. (d-g) Images of the same sample using speckle-tracking technique. As SBI is
not restricted by Talbot distance, a larger magnification is used. The FOV is thus smaller,
corresponding to approximately the region marked in (a). The regions marked in (b) and
(e) are enlarged as (h) and (i). (j) The profile from the region marked in (h), averaged
along the hair direction. The scale bar in (a,d) is 2 mm, and in (h,i) is 0.2 mm. The
colormap of (h,i) is the same as of (b), ranging from -4 µrad to 4 µrad. The figure is
adapted from Paper C.
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gives higher CNR than GBI, but lower spatial resolution. Further work on it
involves a more comprehensive comparison, including analysis of the influence of
the different post-processing parameters on the spatial resolution and CNR for
the speckle-tracking technique. Furthermore, analysis should be done using the
newly developed analytical model in Eq. 5.10. As discussed in Sec. 4.3, the speckle-
scanning technique can improve the spatial resolution, at a cost of higher dose. The
study done by Kashyap et al. [91] at a synchrotron have compared the two methods
both in 1D scan mode and the same geometry, and discussed the differences and
similarities in the results from the two methods. Comparing the scanning technique
with GBI with respect to required dose, spatial resolution, and CNR in a systematic
way, is a task for the future.

6.2 Simulations

For a more comprehensive and quantitative comparison, simulations are used as an
extension of the results in Fig. 5.2. In the simulations, the exposure time has been
adjusted so that SNR2 = 25, and the radiation dose the object absorbs at this level
is compared to investigate the lowest dose required for a cylindrical object to be
detectable, as a function of the cylinder diameter using these two methods. The
result is given in Fig. 6.4.
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Figure 6.4: Dose required for observing a cylindrical phantom as a function of the
cylinder diameter. Simulations are done in three different assumptions including “Poly
Exp” - assuming an LMJ source spectrum and a realistic visibility similar to experiments;
“Poly” - assuming an LMJ source spectrum but perfect gratings; “Mono” – assuming
25-keV-monochromatic x-rays. Adapted from Paper 2.

In the simulations, the lengths of the cylinders are kept the same as the diam-
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eters, since they affect the detectability as well. The DPC and PBI “Mono” lines
were simulated assuming a 25 keV monochromatic source and a flawless grating
interferometer optimized for this energy. All other settings were the same as in the
experiments described in Sec. 6.1. In this case the visibility reaches 65% for GBI.
For the DPC and PBI “Poly” lines, a spectrum from the LMJ source in our lab
is assumed, giving a visibility of 36%. The “Poly Exp” lines lower the visibility
to 14.6% for GBI and the contrast to 82% for PBI, in order to match the values
typical in experiments using the LMJ source. The reduction is probably due to,
e.g., grating imperfections or mismatch of the parameters.

As expected, DPC requires higher dose when the visibility gets lower, which
happens when it is adapted to a laboratory system, and when using a non-perfect
grating interferometer. In comparison, PBI is not affected much by the bandwidth,
nor extra optics. Hence, in our laboratory system, PBI performs much better than
GBI. However, GBI has the potential to be superior for larger-size samples when
monochromatic x-rays and better gratings are used. GBI also has the advantage of
being able to adapt to an extended lab source with a higher flux by using a third
grating. By using detectors that have larger pixel sizes and are more efficient, the
performance of GBI can be enhanced further on lower spatial frequency imaging.

By least square fitting Fig. 6.4 the doses are found to depend on the cylinder di-
ameter d approximately DDPC ∝ d−2.5, DPBI ∝ d−1.9. The smallest diameters are
not included in the fitting, as the effective pixel size is too big to resolve them. From
the derivation in Ref. [92] Appendix, we also find that for absorption-contrast im-
ages, the required dose is related to the diameter as Dabs ∝ d−4. The differences in
the dependence are due to the inherent differences of the imaging mechanisms. The
absorption imaging detects the attenuation of the radiation, which is approximately
proportional to the thickness function of the object, if it contains a homogeneous
material. The phase signal of GBI detects the derivative of the phase function, and
therefore proportional to the derivative of the thickness function for a homogeneous
object. The edge enhancements PBI detects approximate the second derivative of
the phase, and therefore proportional to the second derivative of the object thick-
ness. We also strongly suspect that the shape of the object affects the strength of
the phase-contrast signal. Theoretical analysis on the influence of object shape on
SNR in phase-contrast images will be included in future work.



Chapter 7

Conclusions and outlook

In this thesis project, laboratory x-ray phase-contrast imaging methods have been
implemented, developed and compared. Better understanding of the different meth-
ods allows a broader range of potential applications, and an informed choice of
method depending on the circumstances.

The grating-based x-ray phase-contrast imaging method (GBI) has been imple-
mented on a laboratory system using a liquid-metal-jet source during the thesis
project. It is shown in Paper 1 that compared to using a standard microfocus
source, the exposure time required by using a liquid-metal-jet source is several
times less due to its higher brightness. The grating interferometer is now installed
and ready to use for other applications in the hard x-ray lab at Biomedical and
X-Ray Physics Group, KTH.

Speckle-based x-ray phase-contrast imaging (SBI) has been implemented in a
laboratory system for the first time. SBI, developed only in the most recent years
and firstly at synchrotrons, has drawn interest due to its multi-modality and cost-
efficiency. By showing good adaptability with a laboratory source and flexibility
with experimental arrangement in Paper 3, the method has been made more ac-
cessible and promising for a broader range of applications. For example, it can be
used for material characterization in material science as it can provide quantita-
tive information on δ and µ simultaneously, as shown in Paper 5. One version of
SBI is the speckle-tracking technique implemented in Paper 3. Another version is
the speckle-scanning technique applied in Paper 4, which gives much higher spatial
resolution at the cost of long exposure time and in consequence high dose.

Simulation tools have been developed for the GBI and SBI in this project, based
on the software developed by Lundström [58] for PBI. It is time- and cost-efficient to
use simulations to investigate different setups and conditions, or to test assumptions
that are difficult or impossible to realize experimentally. Simulations have helped
in Paper 2 and 6, as well as in other daily work not published.

A comparison between the imaging methods would be useful as guidance for
different applications on laboratory systems. It is difficult to have a comprehensive

47



48 CHAPTER 7. CONCLUSIONS AND OUTLOOK

summary of all the parameters for all the various techniques, which are continuously
being developed. Paper 2 investigates the lowest required dose to detect cylindrical
phantoms, e.g. blood vessels, for PBI and GBI. The result shows that for the
laboratory system we used, PBI performs better than GBI. However, it also shows
that GBI has a potential advantage for larger-size objects when monochromatic
light and better gratings are used.

Understanding the noise properties of SBI is a requirement for comparing this
method to the others and for further optimization of the method. Paper 6 presents a
simple noise model that is adapted from digital image correlation analysis, together
with some support from experiments and simulations. Using this model, some
simple comparisons are made in Ch. 6, and more will be done in future work.

The current imaging schemes for SBI either sacrifices spatial resolution for fast
exposure in single-shot speckle tracking, or sacrifices dose to obtain high spatial
resolution in speckle scanning. Some ongoing and future work involves new tech-
niques and algorithm developments that can extract sufficient information from
fewer scans. A few examples include using 1D scanning to get two-dimensional
information [45], a 2D scan scheme with small scan number and large scan step as
a compromise of speckle tracking and 2D-raster scanning [47], and a helical scan
as a combination of speckle scanning and tomography. As SBI is a relatively new
method, improvement of the technique can be done in future work to solve current
issues, such as failed correlation analysis for some pixels at object edges due to dis-
tortions of the speckle pattern, and long computing time for phase retrieval process.
Additionally, by using the new R6 LMJ source which gives even higher brightness
than the current LMJ source [93], applications that benefit from short exposure
time and multi-modal imaging will be feasible in a laboratory system using the SBI
method, such as real-time dark-field images.



Appendix A

The Talbot effect

The transmission function of a 1D binary amplitude grating with period p can be
represented by a Fourier series as

T (x) =
∑
m

Cm exp(i2πmx/p), (A.1)

where Cm is the m:th Fourier coefficient.
Under the illumination of a plane wave with unit amplitude, the wave field

E(x, 0) at distance 0, immediately after the grating, is the same as T (x). After
propagating in free-space for distance z, the wave field can be calculated under the
paraxial approximation as described in Sec. 5.1 from Eq. 5.1 to 5.6 as E(x, z) =
F−1 {F {T (x)} ·H}:

F {T (x)} =
∑
m

Cmδ

(
u− m

p

)
, (A.2)

where δ
(
u− m

p

)
is the Dirac function. It is nonzero only at the frequencies u = m

p .
Thus the propagator can be represented at these discrete frequencies as

H

(
u− m

p

)
= eikz exp

[
−iπλz

(
m

p

)2
]
. (A.3)

The phase constant eikz can be omitted in the following discussion. We can
write E(x, z) in the form of Fourier series with the new Fourier coefficient Dm =
F {T (x)} ·H

(
u− m

p

)
as [94]

E(x, z) =
∑
m

Dm exp(i2πmx/p) (A.4)

=
∑
m

Cm exp(−iπλzm2/p2)︸ ︷︷ ︸
=1 for z=N 2p2

λ =NzT

exp(i2πmx/p). (A.5)
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Therefore the intensity is periodical along z leading the self/Talbot imaging:

E
(
x,Np2/λ

)
=
{
T (x) N is even
T (x+ p/2) N is odd

. (A.6)

For a phase grating with transmission function T (x) = exp [φ(x)], we analyze
the wave field at a fractional distance z = P

QzT, where P and Q are two integer
numbers. For convenience, we can define q = m mod Q. The propagator in Eq. A.3
at fractional distance can thus be written as [29]

H(m, z) = H

(
q,
P

Q
zT

)
(A.7)

= exp
(
−i2πP

Q
q2
)
. (A.8)

If we analyze zT/4 as an example case, the propagator is

H (q, zT/4) =
{

1 q = 2n,
−i q = 2n+ 1.

(A.9)

The wave field at zT/4 is thus [29]

E(x, zT/4) =
∑
n

C2n exp
(
i2π 2n

p
x

)
− i
∑
n

C2n+1 exp
(
i2π 2n+ 1

p
x

)
(A.10)

= 1
2 [t(x) + t(x+ p/2)]− i

2 [t(x)− t(x+ p/2)] (A.11)

= 1
2

{
exp[iφ(x)] + exp

[
iφ
(
x+ p

2

)]}
(A.12)

− i

2

{
exp[iφ(x)]− exp

[
iφ
(
x+ p

2

)]}
.

(A.13)

The intensity distribution at this distance is

I(x, zT/4) = |E(x, zT/4)|2 = 1 + sin [φ(x)− φ(x+ p/2)] . (A.14)

If this binary phase grating has a phase-step of a, a duty cycle of 0.5, and a trans-
mission function as

T (x) =
{

1 0 6 (x mod p) < p/2,
exp(ia) p/2 6 (x mod p) < p,

(A.15)

then the intensity distribution will be

I(x, zT/4) =
{

1− sin(a) 0 6 (x mod p) < p/2,
1 + sin(a) p/2 6 (x mod p) < p.

(A.16)
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It is easy to see that at this plane the visibility reaches the maximum sin(a) = 1 if
a = π/2, which can also be seen in the Talbot carpet in Fig. 3.2(c).

A detailed derivation at plane zT/16, where a π phase grating reaches its max-
imum visibility, can be found in Ref. [95]. More studies of binary phase gratings
with different phase shift and different duty cycles can be found in Ref. [96].





Summary of publications

This Thesis is based on the seven papers listed below. The author has been the main
responsible for Papers 2, 4, and 6, including experiments, simulations, analysis and
writing. In Paper 7, the author has been the main responsible for the experiments
and image processing, and contributed partly on the writing. In Papers 1, 3 and 5,
the author participated and contributed actively in preparing and performing the
experiments, and partly participated in the manuscript preparation.

Paper 1: X-ray grating interferometry with a liquid-metal-jet source
This paper shows the result of the first implementation of GBI on an LMJ source
and compares it with using a solid-anode microfocus source under the same imaging
conditions. The conclusion is that LMJ source has a brightness 6-9 times higher
than the standard microfocus source, which yields a reduced exposure time or higher
SNR.

Paper 2: Comparison of two x-ray phase-contrast imaging methods
with a microfocus source
This paper compares PBI and GBI experimentally and numerically. The required
radiation dose for imaging a cylindrical object with respect to object’s size is com-
pared using simulations. The conclusion is that PBI requires both lower dose and
time in our laboratory system. GBI has the potential advantage for objects with
larger sizes when monochromatic radiation and better gratings are used. Compared
to single-distance PBI, GBI can simultaneously retrieve multi-material objects’ re-
fractive index without prior knowledge of the materials.

Paper 3: Speckle-based x-ray phase-contrast and dark-field
imaging with a laboratory source
This paper reports the first observation and application of SBI on a laboratory
source. A new iterative algorithm is proposed for retrieving absorption, phase and
dark-field information for speckle-tracking technique.
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Paper 4: Speckle-based x-ray phase-contrast imaging with a
laboratory source and the scanning technique
This paper reports the first implementation of the speckle-scanning technique on a
laboratory system. The results show that with comparing to the speckle-tracking
technique, this scanning technique offers higher spatial resolution at a cost of longer
exposure time.

Paper 5: X-ray microtomography using correlation of near-field
speckles for material characterization
This paper presents the first x-ray speckle-based tomography on a laboratory source.
This method gives quantitatively both δ and µ of the object materials. Using phase
gradients from both directions for tomographic reconstruction has been compared
to using phase gradient from a single direction, such as in the grating-based method,
and shows reduced noise and artifacts.

Paper 6: Noise analysis of speckle-based x-ray phase-contrast
imaging
In this paper a simple analytical model is proposed to describe the noise variance
for the differential phase signal from the speckle-tracking technique. Simulations
and experiments support the model.

Paper 7: Phase-contrast X-ray imaging for non-destructive
quality inspections of paperboards
X-ray phase-contrast imaging of paperboards gives images with similar patterns
to those of the burnout method, which is commonly used in industry to test the
quality of the paperboards. Potentially, x-ray phase-contrast imaging offers the
advantages of real-time non-destructive monitoring.
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