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Abstract

Small-animal x-ray imaging is an important tool for medical research. The
penetration power of x-rays makes it possible to investigate the 3D structure
of small animals and other thick biological samples by computed tomography
(CT). However, small-animal x-ray imaging often requires high resolution
due to the small structures involved, and short exposure times due to sample
movement. This constitutes a challenge, since these two properties require
compact x-ray sources with parameters that are not widely available.

In this Thesis we present the first application of liquid-metal-jet sources for
small-animal imaging. This source concept was invented at KTH just over
ten years ago. The use of a high-speed metal jet as electron-beam target,
instead of a solid anode, enables higher x-ray flux while maintaining a small
x-ray spot for high-resolution imaging. In the present work, a liquid-metal-
jet source with a higher-energy spectrum has been developed. It has stronger
24 keV radiation compared to previous sources, which makes it more suitable
for imaging of small animals and other few-cm-thick objects, which require
the higher penetration of 20-35 keV x-rays.

We have applied the liquid-metal-jet x-ray sources for whole-body imag-
ing of sacrificed mice and zebrafish. With high-resolution absorption-contrast
CT we have visualized fine bone details of mice. We have also used phase
contrast, a new method that can considerably improve imaging of, e.g., soft
tissue, for demarcation of mm-sized tumors inside a full mouse and for mouse-
cartilage imaging. In zebrafish imaging, we have exploited the greatly en-
hanced contrast of phase-imaging to resolve single muscle fibers (and possibly
even myofibrils) in whole zebrafish in a laboratory setting for the first time.
The muscle structures have diameters in the 5-7 µm range and extremely low
contrast, which makes them difficult to observe.

With phase contrast, we have demonstrated low-dose and high-resolution
angiography of mouse and rat organs and tissues ex vivo. We show detection
of blood vessels with diameters below 10 µm with radiation doses compatible
with living small animals, which is not possible with absorption contrast and
iodinated contrast agents. In addition, we have investigated the vascular
network of tumors in mouse ears and visualized the chaotic arrangement of
newly-formed blood vessels.

Finally, we present the first results from a new high-power liquid-metal-jet
x-ray source prototype, operating at 10× the power of our previous sources,
with the same x-ray spot size. This source constitutes an important step
towards future in-vivo small-animal laboratory imaging with high resolution.
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Sammanfattning

Röntgenavbildning av små försöksdjur är en viktig metod inom medicinsk
forskning. Röntgenstrålar penetrerar material, vilket gör det möjligt att un-
dersöka 3D-strukturen hos försöksdjur och andra tjocka biologiska prov med
hjälp av datortomografi (CT). Tyvärr kräver smådjursavbildning ofta dels
hög upplösning, eftersom de relevanta strukturerna är små, dels korta expo-
neringstider, eftersom objektet tenderar att röra sig. Detta är en utmaning, då
båda egenskaperna kräver kompakta röntgenkällor med speciella egenskaper
som inte är brett tillgängliga.

I denna avhandling visar vi den första användningen av metallstrålerönt-
genkällor för avbildning av hela smådjur. Den här typen av röntgenkälla upp-
fanns vid KTH för drygt tio år sedan. Genom att låta elektronerna träffa
en stråle av flytande metall, istället för en solid metallanod, kan vi generera
mer röntgenstrålning men samtidigt behålla en liten källpunkt, vilket behövs
för avbildning med hög upplösning. En ny metallstrålekälla utvecklades som
en del av denna avhandling. Den ger ett röntgenspektrum med högre ener-
gier, vilket gör källan mer lämpad än tidigare källor för avbildning av små
försöksdjur och andra centimetertjocka biologiska objekt.

Vi har använt metallstrålekällor för att avbilda intakta, avlivade möss och
zebrafiskar. Med högupplöst absorptions-CT har vi detekterat små bendetal-
jer inuti möss. Vi har även använt faskontrastavbildning, en ny metod som
avsevärt kan förbättra avbildning av mjukvävnad, till att demarkera millime-
terstora tumörer inuti en hel mus, samt för avbildning av brosk i leder hos
möss. Faskontrast ger en kraftig förstärkning av kontrasten i bilden, vilket
även har använts för att för första gången detektera individuella muskelfibrer
(och eventuellt även myofibriller) inuti zebrafiskar med en kompakt röntgen-
källa. Muskelstrukturerna har diametrar på 5-7 µm och låg kontrast, vilket
gör dem svåra att observera.

Med hjälp av faskontrast har vi utvecklat en metod för att avbilda blodkärl
med diametrar under 10 µm inuti organ och vävnader från möss och råttor
ex vivo, med stråldoser som är kompatibla med studier av levande smådjur.
Detta är inte möjligt med konventionell absorptionskontrast och jod-baserade
kontrastmedel. Vi har dessutom avbildat nyformade blodkärl kring tumörer i
musöron och observerat kärlens kaotiska struktur.

Slutligen presenterar vi de första resultaten från en prototyp av en ny
högeffektskälla. Källan har tio gånger högre effekt än tidigare metallstrålekäl-
lor, men bibehåller samma storlek på källpunkten. Den här högeffektskällan
är ett viktigt steg mot framtida laboratoriebaserad avbildning av levande små
försöksdjur med hög upplösning.
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Chapter 1

Introduction

The discovery of x-rays in 1895 constituted a great breakthrough in science. Not
long after Wilhelm Conrad Röntgen’s first experiments, trying to elucidate the
nature of his mysterious rays [1], they started being used for medical imaging. The
ability of x-rays to penetrate matter made it possible to study the inner structure
of intact, visually opaque objects, something that had not been possible up until
that point in history.

High spatial resolution is important in many aspects of x-ray imaging. This
applies to several of the topics of this Thesis. In whole-body imaging of small
animals [2], relevant structures such as bones and blood vessels are often much
smaller than those found in humans. High-resolution x-ray imaging is also required
for imaging of excised small-animal organs and thick-tissue samples. In addition,
for bio-imaging exposure times often need to be short, since even sacrificed animals
and ex-vivo samples tend to not be completely stable. This calls for sources that
emit x-rays from a small spot, enabling high-resolution imaging, combined with a
high x-ray flux for short exposure times. The detector needs to have high resolution
and high detection efficiency, so that few of the x-rays emitted by the source are
lost.

There is an ongoing effort to develop better x-ray sources for clinical, preclini-
cal, industrial, and research applications. Large-scale facilities (synchrotrons and,
more recently, x-ray free-electron lasers) push research forward with their extremely
bright x-ray beams. However, due to the limited accessibility of these facilities,
there is an interest in improving compact x-ray sources, that have the disadvantage
of lower x-ray flux, but the advantage of being more readily available for research
and applications. The compact liquid-metal-jet x-ray source was invented at KTH
in the early 2000s and has higher x-ray brightness than conventional laboratory
sources, which lowers exposure times.

This Thesis presents recent advances made in x-ray imaging methodology using
liquid-metal-jet sources. In particular, we show the first results from whole-body
imaging of sacrificed mice and zebrafish. High-resolution angiography and imaging
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2 CHAPTER 1. INTRODUCTION

of small-animal organs and tissues ex vivo is also shown. In order to improve our
small-animal imaging capabilities, we have developed a new liquid-metal-jet source
with an higher-energy x-ray spectrum better suited for imaging of few-cm-thick
objects. Finally, a new high-power source was developed by the company Excillum
AB in collaboration with our research group – a project for which the author of this
Thesis was the main responsible at the KTH side – in order to shorten exposure
times for small-animal imaging.

Until recently, x-ray imaging has been based on the absorption or attenuation
of x-rays by the sample [3]. Such "shadow imaging" is useful, but does not use all
information on the object that the x-ray beam contains when it reaches the detector.
Phase-contrast x-ray imaging [4–8] constitutes an effort to bring something new to
the table. The method detects the phase shift of the x-ray beam by the object,
in addition to its attenuation. This adds new information that can improve x-ray
imaging by increasing image contrast. For example, with phase contrast one can
image soft tissues of small animals, such as a mouse, with shorter exposure time
compared to conventional absorption contrast. Phase-contrast x-ray imaging has
been used extensively in this Thesis.

We have also combined phase-contrast imaging with x-ray computed tomogra-
phy (CT) [3]. Tomography makes it possible to gain a full three-dimensional image
of objects and to visualize their inner structure. The mathematical foundation of
computed tomography was laid out by Johann Radon in the beginning of the 20th

century, with his discovery of the Radon transform [9]. Newbold Hounsfield and
Allan McLeod Cormac both made important contributions to the development of
equipment for x-ray CT, which came to clinical use in the 1970s. Later on, in
the 1990s, CT also found its way into manufacturing industry, where it is used for
non-destructive testing.

As this Thesis mostly concerns small-animal imaging, radiation dose is an impor-
tant issue. For small-animal and other bio-imaging, including imaging of humans,
it is often important to limit the radiation dose delivered to the object, as x-ray
exposure can break DNA strands, cause cellular degradation and lead to cancer
or even death [10, 11]. In order to optimize the imaging process with regards to
image quality, radiation dose, and exposure time, a proper understanding of the
physics behind the image formation process is necessary. In this work, we have
used software to simulate our imaging setup and select proper imaging conditions
before performing experiments. Phase contrast is highly useful for bio-imaging, as
it can drastically lower the radiation dose required to detect, e.g., small soft-tissue
features, compared to absorption contrast [5].

The Thesis is divided into seven chapters. Chapter 2 gives a background, cov-
ering x-ray fundamentals and the relevant interactions between x-rays and matter.
Chapter 3 gives an overview of the different x-ray sources available today, including
large-scale facilities and laboratory sources. In Chapter 4, the foundations of x-ray
imaging using absorption contrast and phase contrast are discussed, in part based
on the information in Chapter 2. Chapter 5 presents the three different liquid-
metal-jet x-ray sources that have been used for the imaging in this Thesis, along
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with x-ray detectors and computer simulations. In Chapter 6, examples of different
imaging applications are given. Most of the work has been focused on small-animal
imaging, but mammography-phantom imaging and applications in materials sci-
ence are also shown. Finally, results from ex-vivo bio-imaging experiments using a
new high-power source that operates at 10× higher power than previous sources are
given. Chapter 7 presents conclusions of the work in this Thesis and also contains
an outlook on possible future developments.





Chapter 2

Interactions between x-rays and
matter

This Chapter first gives an overview of the basic properties of x-rays. The complex
refractive index is then introduced, as a foundation for absorption contrast and
phase contrast that will be discussed in later chapters. The relevant x-ray interac-
tions with matter, which give rise to the contrast seen in the images in this Thesis
are described in brief. For further details, the reader is referred to, e.g., [12], [3]
and [13].

2.1 X-ray fundamentals

X-rays are part of the electromagnetic spectrum (Fig. 2.1), similarly to, e.g., visible
light, radio waves, and microwaves. As is the case with all forms of electromagnetic
radiation, x-rays can be viewed either as particles (photons) or as waves. They
display a wave-like behaviour under certain circumstances, and act as particles
under others. Often, it is most convenient to think of them simply as "rays",
travelling in straight paths.

In the particle description of light, an x-ray photon has an energy that is given
by E = hν = hc/λ, where h = 6.626e−34 Js is Planck’s constant, ν the frequency
of the light, λ its wavelength, and c the speed of light in vacuum. The customary
unit of the energy of x-rays is the electronvolt (eV), where 1 eV ≈ 1.602× 10−19 J.

X-rays have higher energy and therefore shorter wavelength than visible light.
Typical x-ray wavelengths range from roughly 10 nm to a few pm. This corresponds
to an energy range of about 0.1 to 300 keV. So-called hard x-rays, which are relevant
for this Thesis, have energies between a few and a few hundred keV.

5



6 CHAPTER 2. INTERACTIONS BETWEEN X-RAYS AND MATTER

Hard x−rays

1 µm 100 nm 10 nm 1 nm 100 pm 10 pm 1 pm

1 eV 10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV

Wavelength

Photon energy

Soft x−rays Gamma rays

Ultraviolet

lightVisible

Figure 2.1: The electromagnetic spectrum from visible light to x-rays and gamma rays.
Reprinted from [14].

2.2 Complex index of refraction

As is the case of visible light, x-rays can both be absorbed and refracted by a
material. In order to account for these two effects, it is useful to introduce the
complex-valued refractive index

n = 1− δ + iβ. (2.1)

The real part of the refractive index (1− δ) describes the refraction of the light
and the imaginary part (β) its attenuation. For x-ray energies higher than the K
edge of the atoms in the medium, δ can be approximated, and β expressed as [15]

δ = 2πr0c
2h̄2

E2 ρe, β = h̄c

2Eµ, (2.2)

where r0 ≈ 2.82 · 10−15 m is the classical electron radius (or Thomson scattering
length), h̄ = h/2π, c the speed of light in vacuum, and E the x-ray energy. The
electron density ρe can be defined, and the absorption length µ approximated, by

ρe = ZNA
M

ρm, µ = Z4

E3M
ρm, (2.3)

where Z is the atomic number, NA Avogadro’s constant, M the molar mass, and
ρm the mass density. Clearly, δ and β, which relate to the phase shift and the
absorption, respectively, scale differently with x-ray energy and atomic number.
The absorption is strongly dependent on the atomic number, while the phase shift
is sensitive to the electron density of the material. This leads to complementary
contrast mechanisms and other interesting consequences for imaging, which will be
discussed further in Chapter 4.

In the wave description of x-rays, when an x-ray enters a medium with a refrac-
tive index the phase shift will cause its wavelength to increase and its amplitude
to decrease due to attenuation. Now, consider a plane wave with unit amplitude,
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propagating in a medium with refractive index n. The electric field of the wave at
a specific point in time can then be described by

einkz = eikze−ikδze−βkz (2.4)

The first part of the right-hand side of Eq. 2.4 corresponds to a wave propagating
in vacuum, the second describes the phase shift (Φ = −kδz), and the third the
absorption of the wave in the medium. Here, k = 2π

λ = E
h̄c is the wave number.

As the light propagates, any local phase differences in the wave that have been
introduced, e.g., by the presence of an object, result in changes in direction of those
parts of the wave front, i.e., refraction.

Typically, δ is close to zero; for an x-ray energy of 25 keV, relevant for mam-
mography or small-animal imaging, δ is on the order of 10−6 for materials such
as water, soft tissue and plastics, and thus the x-rays are hardly refracted at all.
The imaginary part, β, in turn describes the absorption of light. In terms of µ, a
material will attenuate an incoming beam’s intensity by a factor 1/e over a distance
of µ−1. The well-known Beer-Lambert law for x-ray absorption states

I(z) = I0e−µz. (2.5)

If the x-rays traverse materials with spatially varying refractive index, n(z), the
phase shift and absorption are instead given by the integrals

Φ = −
∫ z

z0

kδ(z) dz (2.6)

and
I(z) = I0e

−
∫ z

z0
µ(z) dz. (2.7)

The absorption of x-rays is what is most commonly used for imaging, while
the refraction (or phase shift) of x-rays has gained interest only in more recent
years. The reason for this interest is that, while small, the value of δ in the hard
x-ray energy range is still two or three orders of magnitude larger than β for the
materials mentioned above. This means that there is a significant potential for
improved image contrast if the phase shift Φ can somehow be measured [5, 15,16].

In contrast to visible light, the real part of n is less than unity for x-rays travers-
ing a medium. This means that the phase velocity of x-rays in materials is higher
than c. This fact does not violate any natural laws, since information is propagated
at the group velocity, which is lower than c also for x-rays.

2.3 X-ray interactions

Interactions between x-rays and matter occur inside several places in the imaging
system: the x-ray source, object, and detector. There are three types of interactions
which can occur for the x-ray energies involved in the experiments of this Thesis.
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The x-ray can be absorbed by the atom it encounters (the photoelectric effect), it
can scatter coherently (without losing energy) or incoherently (losing some energy to
the atom). These processes are called the photoelectric effect (or photo-absorption),
Thomson or Rayleigh scattering, and Compton scattering. All of them have in
common that they are interactions between, on one hand, an incoming x-ray photon
and, on the other hand, an electron in the material which the x-ray is currently
passing through.

For energies higher than about 1 MeV, a phenomenon called pair production
can occur. Then, the x-ray (or gamma ray) can become an electron and a positron.
As the experiments in this Thesis have all been conducted with x-rays of an energy
far less than 1 MeV, we do not consider pair production further. The photoelectric
effect and Compton scattering are important effects for the work done in this The-
sis, as they give rise to attenuation contrast. Coherent scattering (Thomson and
Rayleigh scattering) gives rise to phase contrast, which is also of great importance
in this work. We note that these interactions can all be expressed in terms of atomic
scattering factors, the measured values of which are tabulated in Refs. [17–19]. A
more in-depth description of x-ray interactions with matter can be found in, e.g.,
Refs. [12, 13].

2.3.1 The photoelectric effect
If light is impinging on a metal surface, electrons can be ejected from the metal.
This is the photoelectric effect, the properties of which Einstein explained in 1905 by
considering light as particles (photons) instead of waves. An incoming x-ray photon
can be absorbed by an atom, which then emits a photoelectron. This process is
often called photoelectric absorption or photo-absorption. The requirement for the
interaction is that the energy of the incident photon is higher than, or equal to, the
binding energy of the electron. If this condition is met, the x-ray is absorbed by
the atom and the photoelectron with which the x-ray interacted is given its energy
and is ejected from the atom. This is illustrated in Fig. 2.2.

The atom is now in an elevated energy state. To relax and return to the ground
state, the vacancy, or hole, left in the atom’s electron structure by the photoelectron
will be filled by an electron from a shell further from the nucleus. When this
happens, excess energy can leave the atom in either of two competitive processes:
by characteristic x-ray emission or by Auger emission. The Auger process involves
the ejection of a loosely bound electron from the atom, which carries with it the
excess energy. For characteristic emission, the energy instead leaves the atom in
the form of a photon. The photon has a well-defined energy, which corresponds
to the energy difference between two electron shells of the atom. In Fig. 2.2, the
characteristic x-ray is a Kα x-ray, as it originates from an electron transition from
the L shell to the K shell. A Kβ x-ray is emitted when an electron from the M shell
fills a vacancy in the K shell. Since the energies of these x-rays are characteristic
of the element, the effect can be used for so-called x-ray flourescence studies of
materials, to determine their elemental composition. The Auger process is more
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probable than fluorescence when the elements are light, and the opposite holds for
heavy elements. The cross over for K-shell emission is at Z ∼ 30 [12].
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L
M
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The photoelectric e�ect: Absorption

The Auger e�ect Characteristic x-ray

Figure 2.2: The photoelectric effect. An incoming x-ray (blue) is absorbed by an atom,
whereby an electron (red) is emitted from the K shell. The atom then returns to its ground
state via either Auger electron emission or the emission of a characteristic (here, a Kα)
x-ray.

Characteristic x-ray emission gives rise to the sharp peaks seen in an x-ray
spectrum. The atom then returns to its ground state, which is energetically stable.
In doing so, it has a certain probability to emit a new photon, i.e., secondary
radiation. This secondary radiation consists of photons with a lower energy than
the incoming photons.

The photoelectric effect is predominant at low photon energies and for materials
with high atomic number, as is evident from Eq. 2.3. The absorption coefficient
µ depends on the atomic number Z as as µ ∝ Z4. Near absorption edges, µ is
discontinuous, but at higher x-ray energies, µ ∝ E−3.

2.3.2 Thomson scattering

Thomson scattering is an elastic process, which means that none of the x-ray’s en-
ergy is lost to the electron. The incident x-ray encounters an electron and scatters
from it, changing its direction but keeping its energy. This phenomenon can be un-
derstood in the classical electromagnetic wave theory of light, in which the electron
begins to oscillate in the field of the incoming wave. In this oscillation process, the
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electron emits waves with the same frequency as the incoming x-ray. If the electron
is bound to an atom, this phenomenon is instead called Rayleigh scattering.

2.3.3 Compton scattering
In contrast to Thomson or Rayleigh scattering, Compton scattering is inelastic and
thus involves an energy transfer from the incoming x-ray to the electron that it
interacts with. To explain this effect requires a quantum viewpoint, where the x-
ray is thought of as a photon. It interacts with a loosely bound valence electron,
which is usually assumed to be free. The photon leaves the electron in another
direction than the incoming, and with lower energy. In turn, the energy given to
the electron ejects it into the continuum, which results in an excited atom. The
wavelength shift of the x-ray will be connected to the scattering angle through to
the formula λ′ − λ = h

mec
(1 − cos(θ)) (cf. Fig. 2.3). Here, me ≈ 9.11 · 10−31 kg is

the electron mass. In order to calculate the cross-section for Compton scattering,
the Klein-Nishina formula [20] can be used.

e-λ

λ’

θ

Figure 2.3: In Compton scattering, the incident x-ray recoils from an electron. The
x-ray loses energy to the electron and changes direction.

2.4 X-ray attenuation

The absorption and the scattering effects mentioned above all contribute to at-
tenuating the x-ray beam. The photoelectric effect dominates at low energies and
Compton scattering starts to become important at energies around 20 keV, depend-
ing on the material.

As a relevant example, the attenuation of x-rays by soft tissue [21] is shown in
Fig 2.4. The attenuation data was taken from the National Institute of Standards
and Technology (NIST) [18]. The total mass attenuation coefficient µtot includes
both the effects of absorption and scattering: µtot = µP.E. + µCompton + µelastic. It



2.4. X-RAY ATTENUATION 11

is dependent both on the elemental composition of the object and on the energy of
the incoming x-ray.
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Figure 2.4: The attenuation coefficient µtot of soft tissue. Photoelectric absorption
dominates for lower energies and Compton scattering becomes predominant around an
x-ray energy of 28 keV for this material. Reprinted from [14].

An x-ray beam is attenuated according to Lambert-Beer’s law,

I = I0e−µtotz, (2.8)

when it traverses a material. Here, the intensity of the x-ray beam after passing
through the material is I, I0 is the incoming intensity, µtot the total mass attenu-
ation coefficient, and z the thickness of the material.

To summarize, Fig. 2.4 shows that photoelectric absorption and Compton scat-
tering are the processes that result in attenuation of x-rays, and are therefore the
effects that are important for conventional absorption-contrast x-ray imaging. On
the other hand, Thomson and Rayleigh (i.e. elastic) scattering constitute the foun-
dation for the formation of phase contrast. Both contrast mechanisms are important
in this Thesis, and will be discussed at some length in Chapter 4.





Chapter 3

X-ray sources

This Chapter describes different types of x-ray sources, and outlines how they
operate. Due to the proven usefulness of x-rays, there is a need for a variety of
sources, depending on the application. An x-ray source can be compact, like an
x-ray tube used by a dentist or like the laboratory sources used in this Thesis. It
can also be a large research facility, such as a synchrotron light source. Such a
facility can cost several hundred million euros and occupy a land area on the scale
of ten thousand square meters. Here, both compact sources and facilities will be
discussed.

3.1 X-ray source basics

For imaging applications, it is often advantageous to be able to see small things,
i.e., have high resolution. Simultaneously, one would like to have short exposure
times, especially when biological and other samples that can change over time are
investigated. Because of the short wavelength, x-rays have the potential for imaging
structures down to the size of an atom (0.1 nm). In practice, however, the resolution
is often limited by the x-ray source, namely by the size of the x-ray emitting spot.
There is an ongoing effort on several fronts to develop x-ray sources to make them
emit x-rays from a smaller area (for high resolution) and simultaneously increase
their flux (for short exposure times).

3.2 Facilities

This section will describe synchrotron light sources and x-ray free electron lasers.
For such facilities, x-ray brilliance is a common measure of the quality of the x-rays
available to scientists. Brilliance, sometimes called brightness or spectral brightness,
measures several aspects of the nature of an x-ray source and can be used to compare
different x-ray sources to each other, especially synchrotrons. The brilliance is

13
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typically measured in the following units:

brilliance = photons
second ·mrad2 ·mm2 · 0.1 %BW . (3.1)

It takes into account the photons emitted per second from the source, the solid angle
(in mrad2) in which the photons are emitted and the size of the source (in mm2).
In addition, it accounts for the bandwidth of the source, i.e. the energy width of
its spectrum. While generally a useful measure of the quality of a monochromatic
x-ray source such as a synchrotron, brilliance is not necessarily a relevant measure
for polychromatic x-ray sources. Almost all compact sources have a broad emission
spectrum and in order to compare such sources, this fact has to be taken into
account.

3.2.1 Synchrotrons
Synchrotron radiation [12,13,22, 23] was first reported in 1947 [24]. It is produced
when electrons are accelerated by a magnetic field. Today there are about 70 syn-
chrotron light sources in the world and several are under construction. In modern
synchrotron light sources, ultrarelativistic electrons travel inside a storage ring,
which has electron optics to deflect and focus the beam. In certain positions along
the straight sections of the storage ring are special insertion devices, called wigglers
or undulators, that consist of a number of smaller magnets placed diametrically
opposed each other outside the electron path. Each pair of magnets in the inser-
tion devices causes the electrons to change direction and the result is an oscillatory
motion that produces x-rays. Due to the ultrarelativistic speed of the electrons, x-
rays will be emitted in a small cone in the forward direction. Following an insertion
device is an experimental hutch, where the x-rays are used for imaging or other
experiments. Typically, the beam first passes through a monochromator, in order
to select a certain x-ray energy. This means that the x-ray energy can be tuned to
suit the application. The brilliance of a modern synchrotron (European Synchrotron
Radiation Facility, Grenoble) is on the order of 1021 ph/(s ·mrad2 ·mm2 ·0.1 %BW).

3.2.2 X-ray free electron lasers
In an x-ray free-electron laser (XFEL) [25,26], electrons are accelerated to ultrarel-
ativistic speeds and made to traverse many undulators. The periodic structure of
the magnets in the undulators causes the electrons to oscillate and emit x-rays, as
is the case for synchrotron facilities. The novelty lies in the long stretch of magnets
(100 m or so), which causes the electrons to interact with the emitted x-rays. This
leads to bunching of the electrons, which increases the coherence of the beam.

The extremely short pulse length of XFELs enables imaging of ∼10-100 fs dy-
namics of molecules and atoms. Each pulse will destroy most samples, but because
of the short pulse length, samples such as proteins and viruses can be imaged in a
single pulse before radiation damage destroys it through Coulomb explosion [27,28].
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There are only two hard x-ray FELs in the world at the moment: the Linac Co-
herent Light Source (LCLS) at Stanford University in California [29], and SACLA
in Japan [30]. This, combined with the fact that only one experiment can be per-
formed at one time on each facility, means that beam time at an XFEL is hard to
come by. Other XFELs are under construction, e.g., the European XFEL in Ham-
burg. XFELs achieve orders of magnitude higher peak brilliance than synchrotron
radiation facilities. The peak brilliance of LCLS is on the order of 1033 ph/(s·mrad2·
mm2 · 0.1 %BW) and the average brilliance 1022 ph/(s ·mrad2 ·mm2 · 0.1 %BW).

3.3 Compact sources

Compact x-ray sources include both commercially available equipment, such as
those found in hospital CT machines, and sources used in research [13, 31, 32],
which are often more versatile and push the limits on resolution and exposure
time. Compared with x-ray facilities such as synchrotrons, compact sources have
the obvious advantage of fitting inside a normal-sized lab. This makes techniques
that utilize these sources more available to a larger community and for various
applications, as there is a limited number of synchrotron facilities in the world, and
beam time can be hard to come by. The main disadvantage of compact sources is
their much lower x-ray flux, leading to longer exposure times.

There are different types of compact sources for x-rays, but electron-impact
sources are the most common kind. Figure 3.1 shows the main components of
such sources: an electron gun, focusing electron optics and finally the anode or
electron-beam target. The e-gun typically contains a hot cathode, i.e., a filament
or crystal that emits electrons when heated by an electric current. Still inside the
e-gun, the electrons are accelerated to relativistic speeds by an electric field of tens
or hundreds of kilovolts. Magnetic lenses shape and focus the e-beam, which finally
impinges on the anode. When the electrons hit the anode, which typically consists
of a solid metal plate, they are decelerated by the electric field of the nuclei of the
anode material and x-rays are emitted. As the speed of the electrons is reduced,
X-rays of lower and lower energy will be emitted, resulting in a broad, continuous
Bremsstrahlung spectrum of the source. In addition, the x-ray spectrum will contain
sharp emission lines that are characteristic of the anode material. The whole x-ray
generation process takes place inside a vacuum chamber, as an electron beam is
easily attenuated by air.

An important fact is that almost all of the kinetic energy of the electrons goes
into heating the anode, instead of producing x-rays. The conversion efficiency η
from electrons to x-rays can be modelled as [33]

η = x-ray power
electron energy = kZV . (3.2)

Here, k is a constant that is weakly dependent on the speed of the electrons and
can be set to 9.1 · 10−10 V−1, Z is the atomic number of the anode material and
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Figure 3.1: Layout of an electron-impact x-ray source. A hot cathode in the electron gun
generates electrons, that are accelerated by a strong electric field. The electron beam is
shaped by magnetic lenses and focused onto a target (the anode). The electrons decelerate
and interact with the target material, generating x-rays.

V the electron acceleration voltage in volts. Thus, in order to get a high efficiency,
high-Z target materials and high acceleration voltages should be used.

Tungsten (Z = 74) is a popular choice as anode material, due to its high atomic
number and high melting point. Other commonly used materials include Cu, Ag,
Si, Mo and Rh. Mo and Rh are used in x-ray sources intended for mammography,
as their characteristic emission lines lie in the appropriate energy range (∼ 20 keV)
for this specific application.

Typically, the generation efficiency η is less than 1 % [34]. Apart from gener-
ating x-rays, a sizeable fraction of the incoming electrons are backscattered, and
the rest absorbed in the anode, heating it. Rotating-anode sources and clever cool-
ing schemes have been invented in order to partially alleviate the heat problem.
Nevertheless, the poor efficiency of the process constitutes a fundamental thermal
limitation for increasing the electron-beam power density of conventional electron-
impact sources: at some point, the e-beam target will simply melt [35, 36]. This
corresponds to a limitation in x-ray brilliance and leads to a trade-off: the source
power can be increased up to a point, beyond which the spot size must be increased.
A small x-ray spot is required for imaging with high spatial resolution. The corol-
lary is that high-resolution imaging with compact sources requires long exposure
times.

There are novel approaches to x-ray generation by laboratory sources. In high-
harmonic generation (HHG), pulsed intense laser light is focused on a jet of atoms
or molecules. The laser pulse induces tunnel ionization of the electrons in the target
material. When the electrons recombine with their nuclei, higher harmonics of the
frequency of the laser light are generated. The energy of the output light can extend
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into the ultraviolet, soft x-ray, and almost the hard x-ray range. HHG is able to
produce x-rays with an energy of almost 2 keV, albeit at low flux [37].

The concept of synchrotron light sources has been miniaturized. The Compact
Light Source [38] is a small storage ring, which fits in a lab and uses Thomson
backscattering, also known as inverse Compton scattering, to generate x-rays. The
high-energy electrons travel through a laser cavity, where they are forced to oscil-
late in the laser’s electromagnetic field which acts as an undulator. As the laser
wavelength (∼ 1 µm) is short compared to the period of undulator magnets, high
x-ray energies can be generated even though the speed of the electrons is much
lower than at a synchrotron light source.

3.3.1 The liquid-metal-jet source
To increase source brilliance and circumvent the thermal limit of conventional
electron-impact sources, the liquid-metal-jet source was invented at KTH in 2000
and first results were published in 2003 [39]. The sources are now manufactured
and sold by Excillum AB [40]. The e-beam target (or anode) is in this case a jet of
liquid metal, which means that it can not melt and also that it is regenerative, since
fresh target material is continuously supplied by the nozzle. The result is an x-ray
source that can withstand a higher e-beam power density on the target, which in
turn gives a higher x-ray brilliance. The liquid-metal-jet concept decreases expo-
sure times compared to conventional electron-impact sources, while maintaining a
small x-ray spot for high-resolution imaging.

In the work connected to this Thesis, three different liquid-metal-jet sources
have been used for imaging. The sources are described in more detail in Chapter
5.





Chapter 4

X-ray imaging

This Chapter covers different ways of doing imaging with x-rays. Classical absorption-
contrast imaging is explained, as well as the newer method of imaging using the
phase shift introduced by the object. Phase-contrast imaging is useful as it can
achieve much higher contrast than absorption imaging for many samples. This can
shorten exposure times and enable imaging of, e.g., soft tissues with much lower
dose and without contrast agents. The basics of tomography are described and
measures of image quality are discussed in brief.

For all types of imaging, two central concepts are resolution and contrast. An
imaging system needs to have sufficient spatial (and, sometimes, temporal) reso-
lution to resolve the features of interest in the object. To create an image, the
relevant structures of the object must also have sufficient contrast for them to be
detected in the presence of noise. Resolution and contrast are recurring themes in
this Chapter.

4.1 Absorption-contrast imaging

Classical x-ray imaging is based on the fact that x-ray absorption differs between
materials. A familiar example would be an x-ray image of, e.g., a hand, where
the bones absorb x-rays more efficiently than soft tissue does. This is due to the
higher atomic number of the elements of bone, which leads to a higher probability of
photo-absorption and results in image contrast between bone and soft tissue. This
absorption contrast imaging is the standard method to use x-rays for imaging [3,41].

In terms of the complex refractive index n = 1−δ+iβ, absorption contrast relies
on the value of β to be different for the materials being imaged. Due to the fact
that the value δ can be two or three orders of magnitude higher than β for x-ray
energies in the 10-100 keV range (cf. Fig. 4.1), phase imaging, i.e., detecting the
phase shift of the object instead of its attenuation, can be an interesting alternative
to absorption imaging [42].

19
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4.2 Phase-contrast imaging

Figure 4.1 illustrates the advantage of phase-contrast imaging over absorption-
contrast imaging for a few materials. Soft-tissue imaging has much to gain from
the use of phase contrast [5–7,16,42], which can be seen in the figure: for an x-ray
energy around 30 keV, suitable for small-animal imaging, the ratio δ/β is on the
order of 103. In general terms, high-resolution phase-contrast imaging is capable of
achieving higher contrast than absorption-contrast imaging for the same radiation
dose or exposure time for many materials. The low absorption contrast between,
e.g., fatty tissue and muscle tissue makes traditional absorption-contrast imaging
of such objects exceedingly difficult. A sample can be injected with high-Z contrast
agents to alleviate this, but phase-contrast imaging offers an opportunity to image,
e.g., muscle fibers without any artificial contrast. This is illustrated in Paper 8.

In addition, for imaging of living tissue, animals and humans, it is desirable to
keep the dose as low as possible. The higher contrast of phase imaging therefore
makes it a promising method for in-vivo imaging.
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Figure 4.1: The ratio δ/β, proportional to the ratio of a material’s phase shift over its
attenuation, showing the great potential of phase-contrast imaging. The phase shift of,
e.g., soft tissue is several orders of magnitude higher than its attenuation in this energy
range. This makes phase-contrast imaging highly interesting for bio-imaging, where there
often is a need to keep the dose delivered to the object low. Data from Refs. [17, 21].
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Quantitatively, the dose required to detect features of a certain size d scales as
d−2 for phase contrast, instead of d−4 for absorption (cf. Paper 3). Thus, phase-
imaging has its greatest advantage over absorption-imaging for high-resolution
imaging. Due to the fact that δ decreases more slowly with increasing x-ray energy
than β – the scaling is approximately E−2 and E−4, respectively – the advantage
of phase contrast over absorption contrast increases with energy [13]. This is the
case for x-ray energies above the absorption edges of the elements involved, where
photo-electric absorption is the dominant interaction process of x-rays with mat-
ter. However, for even higher x-ray energies the ratio δ/β becomes smaller, as the
cross-section for photo-absorption decreases and Compton scattering becomes the
dominant process of attenuation. This can be seen in Fig. 4.1 for E > 100 keV.

The different scaling of δ and β with Z, E etc., shown in Eq. 2.2, gives rise
to complementary contrast abilities: As regards the elemental composition of the
object, β is approximately proportional to Z4, which explains why heavy elements
such as iodine are used as contrast agents in absorption imaging. The value of δ is
instead proportional to the electron density ρe of the material. Thus, objects that
look the same in an absorption image due to them having the same attenuation
can become distinguishable with the help of phase contrast if they have different
atomic composition, as this leads to different ρe. The addition of complementary
information and the increased contrast are two advantages of phase-imaging [4,13].

There are different ways to detect the phase shift Φ of x-rays due to an object
[5,13]. The four main methods are analyzer-based imaging, interferometry, grating-
based imaging, and propagation-based imaging. The methods are illustrated in
Fig. 4.2. Propagation-based imaging is the phase-contrast modality that has been
used the most throughout the work described in this Thesis. It will be described
separately in the next Section.

In analyzer-based imaging [43–45], the incoming beam is monochromatized and
passes through the object. The phase shift induced by the object will cause the
outgoing x-rays to change direction. The outgoing beam is reflected by a rotatable
analyzer crystal. Only the x-rays for which the Bragg diffraction condition is ful-
filled will reach the detector. The analyzer is rotated (or "rocked") and the intensity
for each angle is recorded. The result is a so-called rocking curve, which shows the
first derivative (∇Φ) of the object’s phase shift.

Interferometric imaging [46–48] also relies on a monochromatic beam, which
passes through an interferometer with the object placed in one arm. The interfer-
ometer can consist of crystals (as in Fig. 4.2) or of gratings [49]. The two beams
will interfere after the analyzer and the recorded pattern directly gives the phase
shift Φ of the object. Interferometry places high demands on the stability of the
setup.

As both analyzer-based imaging and interferometry require monochromatic x-
rays, neither is suitable for laboratory, polychromatic x-ray sources. While a
monochromator certainly can be used with compact sources, the already low flux
will lead to painfully long exposure times.

In grating-based imaging [6, 50, 51], the object is placed in between a pair of
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Figure 4.2: Phase-contrast imaging can be realized in different ways. Here, analyzer-
based imaging, interferometry, grating-based imaging and propagation-based imaging are
outlined. Propagation-based imaging places relatively low demands on the experimental
setup and has been used in this Thesis. The methods measure different quantities related
to the phase shift Φ of the object, which are indicated next to each method.

gratings. The first grating will diffract the incoming wavefront and create a pe-
riodic diffraction pattern, by the Talbot effect [52]. The pattern is modified by
the presence of the object and the second grating is stepped to detect the small
deviations. In principle, if the resolution of the detector were good enough to re-
solve the interference pattern, a second grating would not be required. The method
requires a spatially coherent beam, but not a monochromatic one. It can be used
with spatially incoherent compact sources, i.e., those with bigger spot sizes, if a
third grating is placed just after the source to create many smaller beams [7]. The
beams are mutually incoherent, but every beam is sufficiently spatially coherent
to create a Talbot pattern after the next grating. Grating-based imaging records
three complementary images with different contrast mechanisms: the differential
phase-shift (∇Φ), absorption, and dark-field images. The dark-field image records
the scattering by structures smaller than the resolution limit of the detector [53].

Other methods to detect the phase shift of an object include edge illumina-
tion [54, 55] and speckle imaging methods [56–58]. Speckle imaging is based on
generating a speckle pattern with the help of a diffuser such as sandpaper. The
object is placed between diffuser and detector and its phase shift introduces a shift
in the near-field speckle pattern compared to an image without the object in the
beam. In the simplest implementation of the method, so-called single-shot speckle
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imaging, one image is acquired with the object in the beam, and one without ob-
ject. The shift of the speckles between the two images can then be analysed to
retrieve the phase shift of the object. This has been demonstrated in Paper D.
For the single-shot method, the size of the speckles limits the spatial resolution of
the method. Higher resolution is possible to attain, but requires scanning the dif-
fuser, acquiring many images and performing iterative reconstruction, which makes
it time consuming and often dose inefficient. The speckle method is similar to
grating-based imaging in that it tolerates polychromatic beams and gives three
complementary images. It is simpler to implement, as no microfabricated gratings
are required.

4.2.1 Propagation-based imaging
Propagation-based phase contrast (PBI) [4, 8, 59–61], also called in-line phase con-
trast, is arguably the simplest method to understand and also to implement prac-
tically in the lab. When an x-ray crosses a boundary between two materials with
different values of δ the x-ray will be refracted slightly. Due to the low value of δ
compared to visible light, the refraction of an x-ray when going from, e.g., water
to fatty tissue will be small. For x-rays, the real part of the index of refraction is
slightly less than 1, which means that x-rays will refract to the other side of the
interface normal compared to visible light.

One way to detect this minute refraction is to simply move the x-ray detector
away from the sample. For absorption-contrast imaging, the detector is typically
placed directly after the object. If the object-to-detector distance is increased, re-
fracted x-rays will interfere with the unrefracted beam and give an interference
pattern that can be detected. As a result, the image will have pairs of bright
and dark fringes around boundaries between different materials where δ changes
abruptly. This gives an edge-enhancement effect in the image, which is a charac-
teristic feature of PBI. This is shown in Fig. 4.3. The measured quantity in PBI is
the second derivative (the Laplacian) of the phase, i.e., ∇2Φ.

The simulation in Fig. 4.4 compares absorption imaging and PBI. The object is
a 80 µm diameter air bubble embedded in 1 cm of water. With absorption contrast,
500 times higher exposure time is required to detect the bubble, compared to PBI.
In the PBI image, the edge-enhancement effect can clearly be seen. This illustrates
the power of phase-contrast imaging for soft-tissue imaging. Soft tissue and water
have very similar properties (δ/β), as can be seen in Fig. 4.1.

Edge enhancement makes it easier to see borders between different materials,
than if standard absorption-contrast imaging had been used. One should note
that a propagation-based phase-contrast image contains both a phase-contrast and
an absorption-contrast contribution; it can be thought of as a regular absorption-
contrast image, with added phase information in the form of edge enhancement
between objects of different n.

In terms of coherence, propagation-based phase-contrast imaging has little re-
quirement on longitudinal coherence, i.e., monochromaticity of the x-ray beam.
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Figure 4.3: Illustration of propagation-based phase-contrast imaging. The object con-
tains an air inclusion (white) with lower δ than its surroundings. The inclusion will cause
the x-rays to refract. The perturbed wavefront propagates to the detector, where the
refraction is detected as edge enhancement in the phase-contrast image. Reprinted from
Paper 3.
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Figure 4.4: Simulation comparing absorption-contrast and propagation-based phase-
contrast imaging. The object is a 80 µm diameter air bubble in 1 cm of water. The
images have the same SNR, but the required exposure time is 500 times longer for the
absorption-contrast image, due to the low x-ray attenuation of the bubble. The phase-
contrast image shows characteristic edge enhancement due to the refraction of x-rays at
the air-water interface.

The need for a small x-ray source can be expressed in terms of the transverse co-
herence length, given by lt = λ(R1+R2)

s . Roughly speaking, lt needs to be larger
than rfz1 =

√
λz, the radius of the first Fresnel zone, for the edge-enhancement to

arise [60]. Here, R1 is the source-to-object and R2 the object-to-detector distances,
s is the size of the source spot and z = R2

M = R1R2
R1+R2

the effective propagation
distance. In the image plane, rfz1 corresponds to the distance from the center of
the image of the object to the first dark or bright fringe in the object’s diffraction
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pattern. A point-like object will, if illuminated by a plane wave, give rise to a scat-
tered spherical wave. Interference between the spherical wave and the unperturbed
plane wave will result in a diffraction pattern consisting of concentric bright and
dark rings on the detector. At a distance corresponding to rfz1 , the two waves have
their first interference minimum. If the coherence length is lower than the radius
of the first Fresnel zone, the edge enhancement will be smeared out by x-rays origi-
nating from different parts of the source spot and no phase contrast will be visible.
The value of rfz1 also gives and estimation of the resolution of the imaging system:
Two identical features in the object, separated by a lateral distance smaller than
the radius of the first Fresnel zone will be difficult to resolve in the image, as their
diffraction patterns will overlap.

As previously mentioned, the major advantage of propagation-based imaging
over other modalities is that it is simple. It does not require any optics or other
elements in the beam, which makes imaging easier since, e.g., the gratings used in
grating-based imaging require careful alignment for the method to work. In PBI,
the source, object, and detector are the only parts of the setup. It is important
to note that PBI relies on a high-resolution detector, often in combination with an
x-ray source with a small spot, in order to detect the narrowly separated bright and
dark edge-enhancement fringes. This reliance on good x-ray detectors and sources
is a drawback of the method. For detectors, there is typically a trade-off between
detector resolution and detection efficiency. In other words, the higher resolution
your detector has, the smaller details in your object are visible. On the other
hand, such detectors typically have lower detection efficiency than lower-resolution
detectors. This means that while you detect smaller features, you also loose much
information since fewer x-rays are detected by the camera. One obvious solution is
to simply increase the exposure time, but this will also increase the dose delivered
to the sample.

4.2.2 Phase retrieval
If one images an object in a PBI setup, the image can give useful information on,
e.g., where a certain feature is located. The edge enhancement can be useful to, e.g.,
detect small soft-tissue details. However, as was mentioned in the previous Section,
the image is not a direct representation of the object, but instead will depict the
second derivative of the phase distribution (∇2Φ). Thus, information about the
object’s phase shift is not directly available in the image. To get information on n
or related quantities such as µ or the object thickness, it is necessary to retrieve
the phase of the object. This process is called phase retrieval [62, 63], where the
image is filtered according to a certain scheme to attempt to reconstruct properties
of the object. There are many algorithms for phase retrieval, with their respective
advantages and drawbacks depending on the experiment.

In general, phase retrieval has to deal with the problem of missing information.
To take an x-ray image is to record the intensity and combine this with a derivative
of the phase of the wavefront. In order to sort out the phase information, i.e.,
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retrieve the phase shift and other parameters of the object that can be of interest,
assumptions usually have to be made in order to have sufficient information. These
assumptions differ between methods and can, e.g., concern what elements the object
consists of, or how thick it is.

In this Thesis, the phase-retrieval method of Paganin et al. [64] has typically
been used. It can be thought of as a low-pass filter in Fourier space. The high-
spatial-frequency information that is contained in the enhanced edges is scaled down
compared to lower-frequency information and the resulting image looks similar to
a regular absorption-contrast image. The difference is its increased contrast due to
the detection of the phase shift of the object.

Phase retrieval is often performed in connection with tomography. We typically
phase-retrieve individual projection images before performing the tomographic re-
construction. For best results, the most suitable method for an experiment has to
be chosen, depending on parameters such as x-ray energy and object composition.
Paper 1 contains a discussion of phase-retrieval algorithms suitable for propagation-
based phase-contrast tomography, as well as a scheme to choose the best method
for your particular experiment.

4.3 Tomography

A radiogram (or projection image) is a 2D x-ray image that will give the viewer
some information on what is inside the object. In order to obtain 3D information,
the object can be rotated and imaged from different directions. This can reveal, e.g.,
overlapping structures in the object that were not discernible in the projection. The
idea behind computed tomography (CT) is to image the object from many angles
and then somehow combine these 2D images into a single 3D representation of the
object [9,65]. We perform CT by rotating the sample, acquiring a projection image
for each rotation angle. Typically the sample is rotated over 180◦ or 360◦ and
several thousands of images are acquired. A reconstruction algorithm is applied to
reconstruct slices through the sample from the projection images and these slices
can then be combined to give the full 3D image of the sample. In fact, the greek
word tomos means section or slice. The method was first tested on a patient in
1971 [66] and came into more general use at hospitals in the 1980s. X-ray CT is
the only type of tomography that will be discussed in this Thesis, and it is also
the most common, used routinely both at hospitals and in industry. One can note,
however, that other tomographic imaging methods exist, such as positron emission
tomography (PET) and single-photon emission computed tomography (SPECT).

4.3.1 The Fourier slice theorem
Figure 4.5 illustrates the so-called Fourier slice theorem [67], which is central to
tomography. Here a slice (thin section) of the object is being illuminated by x-rays
and the resulting image is recorded by a detector. The theorem roughly states
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Figure 4.5: Illustration of the Fourier slice theorem. The object is illuminated from a
direction determined by θ and a projection image is recorded. The theorem states that
this projection is equivalent to a line in 2D Fourier space. By rotating the object, the full
Fourier space can be sampled. Finally, an inverse transform of the Fourier data can be
done to yield the reconstructed slice of the object (not shown here).

that the Fourier transform of one such projection of the object is equivalent to a
line in Fourier space. If such projection images are acquired over a full rotation of
the object, and then Fourier transformed, the 2D Fourier space of the particular
object slice can be fully sampled. The final step is to perform an inverse Fourier
transform on the sampled data, which yields the reconstructed slice of the object.
If this procedure is repeated over the full height of the sample, the result will be a
stack of 2D slices. The reconstructed slices can be viewed individually or combined
in software to visualize the full 3D volume of the sample. This way to obtain a
3D representation of the object is often called the Direct Fourier technique, and is
in principle a simple process. It does have drawbacks, as will be discussed in the
following Section.

4.3.2 Filtered backprojection
If one employs the reconstruction method described above, the result will not be
free from image artifacts, or errors. This is due to the way the information is
sampled, and how Fourier transforms are implemented. The information in Fourier
space will be on a radial grid, but the most commonly used Fourier transform
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algorithm, the Fast Fourier transform (FFT), requires the data to be sampled on a
Cartesian grid. This means that there must be a 2D interpolation step somewhere
in the reconstruction process. The Direct Fourier technique interpolates the data
in Fourier space, which causes the artifacts.

The filtered backprojection (FBP) algorithm interpolates the data in real space
instead of Fourier space [3, 67]. This clever idea avoids the artifacts, but the im-
provement in image quality and fidelity comes at the price of a longer reconstruction
time, since more mathematical operations are required to do interpolation in real
space.

The word "filtered" in FBP is due to the fact that in Fourier space, lower spatial
frequencies will be more densely sampled than higher ones, as the dashed radial
grid in the right part of Fig. 4.5 shows. In order to get a correct reconstruction
of the object, this non-uniform sampling must be corrected for. It can be done by
filtering the data in the Fourier domain by a so-called ramp filter before the inverse
transform back to real space. A ramp filter decreases the magnitude of the lower
spatial frequencies and enhances higher frequencies. In practice, a modified ramp
filter is almost always used, since the ideal ramp filter weights the (0,0) frequency
component with zero (which would remove it completely from the reconstruction).
Also, as each imaging system has a certain resolution limit and smaller objects
(corresponding to higher spatial frequencies) can not be resolved by it, this means
that beyond a limit frequency in Fourier space, there will only be noise. Thus, the
filter should not amplify high frequencies too much, but instead go to zero at a ra-
dius corresponding to the resolution limit. There exist a number of different filters,
with parameters that can be modified depending on, e.g., the spatial resolution of
the particular imaging arrangement. Two of the most well-known filters are the
Ram-Lak (cropped ramp) filter [68] and the Shepp-Logan filter [69].

4.4 Image quality metrics

There are a number of measures of image quality. In this Thesis, the signal-to-noise
ratio (SNR) and SNR2 are used. The SNR2 can be defined in different ways. I use
the definition

SNR2 =
∫∫
F{S(x, y)− Sbg}(u, v)

NPS(u, v) dudv (4.1)

to calculate the SNR2 in the Fourier domain for an ideal observer in a signal-known-
exactly/background-known-exactly task [67]. This is the total SNR2 of an object,
an objective measure of how difficult it is to detect an object or a feature in the
image.

In Eq. 4.1, the signal S is the expected pixel value with object present, Sbg the
average of the background signal, and NPS the noise-power spectrum. The NPS
describes the noise properties of the system and has been experimentally deter-
mined. The two important sources of noise in the experiments are x-ray quantum
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noise and electronic readout noise in the detector. All other sources of noise are
negligible.

Equation 4.1 is used to calculate the SNR2 of simulated images and, indirectly,
of experimental images. The calculation of SNR2 for a simulated image is easy, as
the simulation can be performed without including noise, to give correct values of
S and Sbg. Corresponding values calculated from experimental images will have
an uncertainty, due to the presence of noise. A simulated image, including noise,
can then be compared with experimental results and simulation parameters such
as source size tweaked, until both images are as similar as possible, which gives an
estimate of the SNR2 of the experimental image (cf. Paper 3).

SNR2 is in some ways a more useful measure than SNR, as it is proportional to
the exposure time (and therefore to the dose), for a photon-noise limited imaging
system. According to the Rose criterion, an object needs to have an SNR2 of
roughly 25 (SNR = 5) in order to be detected by a human observer [70].





Chapter 5

Methods and instrumentation

This Chapter describes the instrumentation used for the imaging in this Thesis, the
x-ray sources and detectors. The three different liquid-metal-jet sources that have
been used are described in more detail. The process of characterizing the imaging
system, i.e., measuring the spectrum of a source, as well as the source size and
detector blur, is discussed. Finally, we describe the software used to simulate the
imaging system.

5.1 Liquid-metal-jet x-ray sources

Three different liquid-metal-jet sources have been used throughout this work. All
three are prototypes developed by the company Excillum AB [40] in collaboration
with our group at KTH.

5.1.1 The R5 source
The R5 source has been in operation in the lab since late 2009. It circulates a
commercially available alloy of gallium, nickel and tin called Galinstan as e-beam
target (anode) material. The alloy has a melting point of -19◦C. This makes the
source easy to work with as regards the metal circulation system, since it does not
require any heating. The Galinstan alloy used consists of 68.5% Ga, 21.5% In, and
10% Sn. The x-ray spectrum of the source is dominated by the Ga Kα and Kβ
emission lines, which have energies around 9 keV (cf. Fig. 5.1). Also visible are the
In and Sn Kα and Kβ lines, in the 24-25 keV region. The source was operated with
an acceleration voltage of 50 kVp throughout this work. Typically we achieve a
spot size of 6 by 8 µm in the horizontal and vertical direction, respectively, with an
e-beam power of 30-40 W. If a smaller spot in the horizontal direction is preferable,
for example during high-resolution imaging of vertical structures, the electron optics
can deflect the e-beam to achieve this by changing the position of the e-beam spot
on the jet.

31
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Figure 5.1: Measured spectrum of the R5 source. The 9 keV Ga line dominates the
spectrum. 40 W e-beam power, 1 m air attenuation.

The spectrum of the R5 source makes it suitable for imaging of thin objects,
such as mouse ears (cf. Paper 7) or zebrafish (Paper 8). For up to mm-thick soft-
tissue samples, the strong 9.25 keV Ga Kα peak enables fast exposure times, which
is important for biological samples as they tend to not be very stable. Movement of
the sample during a CT scan will be detrimental to the image quality and resolution.

When imaging a few-cm-thick sample such as a mouse, higher energies are
required in order to penetrate the sample. We routinely filter the source spectrum
with Al for imaging of samples such as a mouse. The filtering can be optimised
for the object thickness and imaging situation, which is important if dose is a
constraint. For imaging of living samples this is certainly the case, as x-rays can
induce radiation damage to DNA and cells. The R5 source was used for Papers 1,
3, 4, 5, 6, 7, and 8.

5.1.2 The heated R5 source
For small-animal imaging, a suitable x-ray energy is higher than the Ga 9 keV
lines. The intensity of a 25 keV x-ray beam will be approximately halved by passing
through 1 cm of soft tissue. Thus, a source spectrum (cf. Fig. 5.2) that is centered
around 25-35 keV will be better suited for imaging of small animals and other few-
cm-thick samples. To optimize the spectrum, a modified R5 source was built that
circulates an alloy with a higher In content (65% In, 35% Ga). As the alloy has a
melting point of 70◦C, heating tapes and a water heating system were implemented
into the system to heat the metal-jet circulation system. The more In-rich alloy
increases the brilliance of the 24 keV In line by 3-4 times compared to the R5
source. Also, the efficiency of the Bremsstrahlung generation is increased, as the
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effective Z of the alloy is higher than that of Galinstan. While the heated R5
source is better suited for imaging of small animals and other thick samples, the
fact that the melting point of the alloy is higher than room temperature complicates
operation and maintenance. The source was used for phantom imaging presented
in Paper 2 and some of the small-animal imaging in Paper 5.
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Figure 5.2: Measured spectrum of the heated R5 source. The yield of the 24 keV In line
is stronger than for the R5 source (Fig. 5.1). 40 W e-beam power, 1 m air attenuation.

5.1.3 The R6 prototype source
It is necessary to shorten exposure times for future in-vivo small-animal experi-
ments. The R6 prototype source, recently developed by the company Excillum in
collaboration with our group at KTH, where the author of this Thesis was the main
responsible. It can operate at 400 W e-beam power, with an acceleration voltage
of 50 kVp and a spot size of 7-8 µm. To date, the R6 source has operated for over
two hundred hours at e-beam powers between 300 and 400 W, showing that it is
indeed possible to substantially increase the brilliance of liquid-metal-jet sources.
The aim of the R6 project is to reduce exposure times by a factor of ten, compared
to the R5 source.

Figure 5.3 shows the result of measurements of the number of x-ray photons
between 7 and 50 keV as measured by a spectrometer. Spectral measurements were
collected on three different occasions and combined with zone plate images of the
source, in order to confirm that the spot size stayed constant. The error bars show
the standard uncertainty in the mean. The spectrometer results agrees well with
the trend from zone-plate imaging of the source: The x-ray flux from the source
reaches 60% of the expected value at 400 W at present. The exact reason for this
non-linear scaling for higher e-beam powers is presently not known. While the x-ray
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Figure 5.3: Measured x-ray yield of the new high-power R6 prototype source, as function
of e-beam power. The error bars show the standard uncertainty of the mean. The dashed
line corresponds to a linear scaling of the yield.

output still has not reached its expected value, the R6 prototype still constitutes a
major step forward towards faster experiments and, eventually, in-vivo imaging of
small animals. Continued source development should enable higher output power.
From experience it is known that the e-beam power of this system can be increased
for higher acceleration voltages.

5.2 Detectors

Propagation-based phase-contrast imaging requires a high-resolution detector in or-
der to resolve the bright and dark fringes of the edge enhancement. For this Thesis,
a water-cooled CCD detector from Photonic Science has mainly been used. It has
a 15 µm thick Gd2O2S:Tb scintillator that converts incoming x-rays to photons
in the visible range that can be detected by the CCD. The CCD has an area of
36×24 mm2 and 4008×2671 pixels. The scintillator is coupled to the CCD through
a fiber-optic plate. The FWHM of the detector point-spread function has been
measured to be ∼25 µm. For this camera, spread of visible light inside the scintilla-
tor limits the spatial resolution. In order to achieve high resolution, the scintillator
needs to be thin. At the same time, a thin scintillator is not efficient enough to
absorb all incoming x-rays, which means that information is lost. Thus, there is a
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trade-off between high resolution and high efficiency.
In order to measure the x-ray source spectra in Figs. 5.1 and 5.2, and the data

for Fig. 5.3, an X-123 spectrometer (Amptek) has been used. The spectrometer
has a 9 mm2 CdTe detector. When an x-ray photon reaches the spectrometer, it
creates a number of electron/hole pairs that is proportional to the photon energy.
An electric field across the CdTe crystal separates the electrons from the holes,
which are then counted by a pulse processor. The energy of incoming photons is
determined and tallied over a few minutes time, to give the quantitative source
spectrum.

5.3 Characterization of the imaging system

For the work in this Thesis, it has been of high importance to characterize the per-
formance of the imaging system. The results are needed in order to, e.g., properly
simulate the imaging process and optimize imaging parameters, such as distances
and exposure times, accordingly. When the system characteristics are known, the
performance of the system for different imaging tasks can be calculated, which saves
time in the lab.

We routinely image the source (x-ray spot) onto our detector using a zone plate
optical element to check the source performance. Zone plate imaging results in an
image of the x-ray source spot. In combination with the resolution of the detector,
the size of the spot ultimately limits the resolution of the system. The source size
measured in this way is the point-spread function (PSF) of the x-ray source; it is
the result of an (almost) point-like electron-beam impinging on the jet, resulting
in a finite x-ray spot size. The finite x-ray spot will induce blur in the image and
limit the spatial resolution.

The performance of the detector can be measured and quantified in different
ways. One important and commonly used quality metric is the modulation-transfer
function (MTF). The MTF curve describes how well information of a certain spatial
frequency is transferred by the imaging system. It is thus defined in the Fourier
domain. The PSF is related to the MTF through its inverse Fourier transform. In
order to measure the detector MTF, we have typically used the edge method [71,72].
Here, a piece of a high-Z element, such as W, is placed directly in front of the
detector, covering part of it. The piece of tungsten has a very sharp edge, and from
pictures of this edge, the detector MTF can be determined in the following way.

First, the image of the edge is integrated perpendicular to the edge, which then
yields the edge-spread function (ESF) of the camera. The ESF is related to the
MTF via the line-spread function (LSF), in that LSF(x) = dESF(x)

dx . Finally, the
MTF is obtained by taking the absolute value of the Fourier transform of the LSF,
MTF(u) = |F(LSF(x))|. We note that another way of obtaining the MTF is from
the PSF, as the LSF is the integral of the PSF.

The total MTF of the imaging system is the product of the MTF of the source
and the MTF of the detector. It is MTFtot that can be used in simulations to see
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what the performance of the complete imaging system is, and what resolution and
contrast can be expected in the image.

In addition to the total MTF, there is also a need to measure the output of the
x-ray source. The flux, in terms of photons per second and the spectrum of the
source are both of interest in order to correctly be able to perform simulations or
even simple estimations of the efficiency of the imaging system for different objects.
We use a spectrometer to get a quantitative measure of our x-ray spectrum. If one
knows the total measurement time, the solid angle that the spectrometer subtends
seen from the source, and correctly compensates for the loss of low-energy x-rays
(mainly due to air absorption), the result is a quantitative measurement of the
x-ray output of the source. Combined with knowledge of the source size, this gives
the number and energy of the photons emitted by the source per second, per source
area and per solid angle, which is closely related to x-ray brilliance.

5.4 Simulations

The MATLAB tool XRaySimulator [14] has been used for simulation of the imaging
process. The simulations are based on wave-propagation and calculate the result-
ing image by evaluating the Fresnel diffraction integral [73]. The detected x-ray
intensity I is

I(x, y, z) ∝
{
F−1

(
F{T (x, y)} · exp

{
− (u2 + v2)2π2z

ik

})}2
, (5.1)

where F is the fast Fourier transform and T (x, y) = exp(iΦ(x, y) − µ̃(x, y)/2)
the object transmission function. Here µ̃ =

∫
µ(x, y, z) dz is the absorption and

Φ = −k
∫
δ(x, y, z) dz the phase shift. The effective propagation distance is z =

R1R2/(R1 +R2).
The simulations take into account the MTF of both source and detector, as

well as the source spectrum, x-ray absorption in air and detector efficiency and
noise power spectrum. The two dominating sources of noise, the intrinsic Poisson-
distributed photon noise of the x-rays and electronic readout noise in the detector,
are both taken into account.

Results from XRaySimulator are in excellent agreement with those from imag-
ing. A simulation tool that correctly generates images that look almost identical to
experimental data is very valuable, in order to estimate required exposure times and
the dose absorbed by the object as well as to optimize different imaging parameters
before performing experiments.



Chapter 6

Imaging applications

This Chapter covers different imaging applications using liquid-metal-jet sources.
The focus is on imaging of small animals – primarily mice – and thick-tissue sam-
ples. First, results from the R5 source are presented: examples of whole-body
mouse imaging are shown, covering absorption-contrast imaging of bones, as well
as phase-contrast imaging of cartilage and tumors. CO2-assisted angiography is
presented, as a method to visualize the microvasculature of tumors in mice with
low radiation dose. Using phase contrast, the muscle structure of zebrafish is im-
aged with high resolution. With the heated R5 source, suitable for imaging of
few-cm-thick objects, we image a mammography phantom and discuss the impor-
tance of the x-ray detector efficiency for low-dose imaging of small animals and
other cm-thick samples. A materials science application is also presented, where
carbon composites are imaged to search for air inclusions.

Finally, the new high-power R6 source is used for phase-contrast tomography of
excised mouse lungs for the study of emphysema. Compared to the R5 source, the
10× higher source power shortens exposure times, which is important for future
potential in-vivo small-animal applications.

6.1 Mouse imaging

Mice are routinely used in scientific research, as animal models for, e.g., diseases.
Imaging is important in small-animal research [74,75] and CT is a commonly used
modality [2, 76,77].

X-ray imaging of bone is relatively easy due to the high contrast between the
calcium-rich bone and the surrounding soft tissue. We have used the high spatial
resolution provided by our arrangement for whole-body imaging of sacrificed mice.
This is demonstrated in Paper 5. In an absorption-contrast configuration, mouse
bones were imaged with high resolution. Using phase contrast, we also imaged a
tumor, a difficult low-contrast imaging task.

37
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Figure 6.1: Tomography of a mouse. (a) A projection of the mouse pelvis and knees. (c)
A reconstructed slice, corresponding to the white, dashed line in a). The bones inside the
knee cap and pelvis can be seen, with a resolution of about 50 µm. The white arrow shows
a typical motion artifact, due to the movement of the bone during the CT scan. (b),(d),(e)
Close-ups of the regions indicated in (a) and (c). The tomogram has an exposure time of
1 h and a dose of 1.0 Gy. Reprinted from Paper 5.

Figure 6.1 shows imaging of the bones of an intact mouse, with high resolution.
The isotropic voxel size in the object plane is 30 µm and 15 µm, for Figs. 6.1(a)-(b)
and Figs. 6.1(c)-(e), respectively. We were able to observe bone structures down
to 50 µm in diameter inside the trabecular bone of the knee. In Fig. 6.2, we have



6.1. MOUSE IMAGING 39

Figure 6.2: Mouse tumor imaging. (a) PBI projection. The black arrows indicate the
position of the boundary between the tumor (T) and surrounding fatty tissue (F). The
dark areas are bone (B). (b) Absorption CT of the same mouse. The slice corresponds
to the position of the dashed white line in a). Exposure time and dose: (a) 300 s and
19 mGy. (b) 45 min and 1.3 Gy. Reprinted from Paper 5.

imaged a tumor inside a mouse. The mouse was injected with fibroblastoma cells
under the skin and the tumor grew to a diameter of 2-3 mm before the mouse was
sacrificed and imaged. It is considerably more difficult to image a tumor without
the use of any contrast agents, than to image the bones of a mouse. This is because
of the low contrast of the tumor compared to the surrounding soft tissue. We
were nevertheless able to detect the boundaries of the tumor using phase contrast
(cf. Fig. 6.2(a)). It was also possible to delineate the tumor in absorption mode,
albeit at a much higher radiation dose. Fig. 6.2 clearly demonstrates the superior
soft-tissue contrast of PBI compared to absorption imaging, which enables tumor
demarcation with low dose. These experiments are described in more detail in
Paper 5.

6.1.1 Cartilage imaging
There are a number of different animal models for the study of rheumatoid arthritis
and osteoarthritis, due to the prevalence of these diseases among humans. In a
project, we imaged the joints of paws from mice who had developed rheumatoid
arthritis [78]. As the disruption of the integrity of the cartilage in peripheral joints



40 CHAPTER 6. IMAGING APPLICATIONS

1 mm

300 µm

a) b)

c)

tibia
calcaneum

tarsal bones

Figure 6.3: A mouse ankle. (a) Projection image. (b) Reconstructed slice, corresponding
to the dashed line in (a). (c) Slice with adjusted contrast. Arrows indicate cartilage, barely
visible in the presence of ring artifacts, structural noise, and photon noise.

is the most important early indicator of the disease, the aim of the study was to
image the microstructure of the cartilage with high (<20 µm) resolution in a PBI
setup for increased contrast.

Figure 6.3 shows a projection and reconstructed slice of the ankle joint of a
mouse. The mouse is healthy, i.e., no arthritis has been induced. The ankle was
chemically fixed in formalin and subsequently placed in 2 % agarose gel inside a
plastic tube for stability during the CT scan. A low-noise projection image was
acquired (Fig. 6.3(a)) over 8 minutes. This was followed by tomography with a
total exposure time of 18 hours (Fig. 6.3(b)). The source-to-object distance was
0.23 m and the object-to-detector distance 0.80 m. The projections were binned
2×2, resulting in a detector pixel size of 18 µm and a voxel size in the object plane
of 5 µm. The gradient in the background in Fig. 6.3(a) is due to the non-uniform
attenuation of the cylindrical sample holder.

Figure 6.3(a) shows details in the internal structure of the trabecular bone,
where the smallest features are about 15 µm wide. Even with the increased soft-
tissue contrast from PBI compared to absorption imaging, the cartilage layer proved
difficult to image. The arrows in Fig. 6.3(c) indicate positions where the cartilage
layer can be seen with some effort.

In Fig. 6.3, the cartilage layer is only about 30 µm thick and has low contrast. It
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is difficult to detect the cartilage in many slices. The high-absorbing bone structures
that surround the joints cause structural artifacts and local beam hardening. The
CT ring artifacts, which are due to a varying background during the scan also
contribute to the problem.

There are several possible ways to improve the image quality in future experi-
ments: A higher SNR is possible to attain with longer exposure times. In addition,
if one bone were isolated from the rest of the ankle, it would be possible to better
image the cartilage without neighbouring bones overlapping in the field of view.
Ring artifacts can arise from several different sources, but improved stability of
the imaging setup to counteract thermal drift and the acquiring of flat field (back-
ground) images during the CT scan, as opposed to before and after the scan, should
help alleviate the issue.

To conclude, it is difficult to detect the low-contrast cartilage in a mouse where
the cartilage layer is only a few tens of µm thick. Larger animals, such as rabbits
or pigs, have thicker cartilage layers and it might be possible to reach better results
with another animal model. A recent study has found that it seems feasible to
characterize the status of the cartilage of a human patella using phase-contrast
analyzer-based imaging at a synchrotron [79].

6.2 CO2 angiography

In a clinical setting, angiography, imaging of blood vessels, is usually performed
by first injecting an iodine-rich contrast agent into the blood of the patient. The
high atomic number of I (Z = 53) compared to that of the elements constituting
soft tissue, provides a contrast increase and enables imaging of the blood vessels
with a lower dose. Persons that are allergic to iodine can instead be injected with
CO2 [80,81], which lowers the attenuation of the vessels and increases the contrast
between vessels and the surrounding tissue.

Angiography is also of interest in small-animal imaging, e.g., to investigate
angiogenesis. Angiogenesis is the process where new blood vessels are formed,
which is of special interest in connection with cancer therapy [82, 83]. Treatments
that prevent new blood vessels from forming can deprive a tumor of oxygen and
thereby inhibit tumor growth [84, 85]. It would be highly advantageous to be able
to image the angiogenesis process inside living animals [82], which calls for in-vivo
compatible angiography.

Absorption imaging can image vessels down to 50 µm in a mouse [76, 77, 86].
However, as has been shown in Paper 3, detection of smaller vessels using absorption
contrast would require either a too high radiation dose or a too high contrast agent
concentration in the blood of the animal. Luckily, the dose required to detect
features of a certain size d only scales as d−2 for phase contrast, instead of d−4 for
absorption (cf. Paper 3). This makes phase-contrast imaging potentially attractive
the study of angiogenesis.
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Figure 6.4: Comparison of the dose required to detect blood vessels of a certain diameter,
for absorption-contrast imaging with iodine, and for phase-contrast imaging with CO2.
Phase contrast enables detection of small vessels with much lower dose than in absorption
imaging. Adapted from Paper 4.

Figure 6.4 compares the required radiation dose for detection of gas-filled blood
vessels inside a 200 µm thick mouse ear, using absorption- and phase-contrast imag-
ing. It illustrates our current as well as the fundamental limitations of the two
modalities and is adapted from Paper 4. The absorption-contrast simulation as-
sumes a perfect absorption-imaging system, with an x-ray point source emitting
monochromatic x-rays, a high iodine concentration (9.2 mg ml−1) and a detector
with a perfect MTF. While an idealization, current absorption-imaging systems can
come close to this performance.

The green line shows the capabilities of our propagation-based phase-contrast
imaging system in its current state. It takes into account the source ∼8 µm PSF and
its broad spectrum, as well as the detector’s∼25 µm PSF and limited efficiency. The
lower, red line shows the performance of an ideal PBI system, with an x-ray point
source and a perfect detector. The advantage of phase contrast over absorption
contrast is apparent, especially for imaging of small vessels. Our current PBI setup
requires 3-4 orders of magnitude lower dose than absorption-contrast imaging, for
10 µm vessels.
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Figure 6.5: CO2 microangiography of a tumor located in a mouse ear. (a) A projection
image (20 s exposure, dose 40 mGy). (b) A CT slice corresponding to the dashed line
in (a). (c) A section corresponding to the dashed line in (b). (d)-(e) Isosurfaces in the
reconstruction. The exposure time of the tomogram is 7.5 min and the radiation dose
∼1 Gy. Reprinted from Paper 7.

In Paper 7, we injected the vessels of a tumor (fibroblastoma) inside a mouse
ear with CO2 and visualized vessels with diameters of less than 15 µm with phase-
contrast CT. Figure 6.5 shows a result of such an experiment. The total exposure
time for the tomogram is 7.5 min, with a dose of ∼1 Gy. It is easy to follow
the normal, well-organized vascular network through the ear. At the tumor, the
structure of the vessels becomes chaotic, with shunts and blind endings. These
poorly developed vessels are indicative of intense angiogenesis around the tumor.

6.3 Zebrafish muscle imaging

The zebrafish (Danio rerio) is an important model organism in various fields of
medical research on vertebrates [87, 88]. They can be used to study, e.g., devel-
opment of muscles [89]. In Paper 8, we show high-resolution x-ray imaging of the
muscle tissue of zebrafish. This is a notoriously difficult imaging task, due to the
low contrast of muscles embedded in other soft tissue. To image soft tissues with
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Figure 6.6: Phase-contrast CT of a zebrafish. (a) A 3D surface reconstruction, showing
the eyes to the right and the muscle fibers of the tail to the upper left. (b) A reconstructed
slice through the fish. The high contrast from PBI and the long CT scan time (63 h)
enables detection of muscle fibers, and possibly even myofibrils, with a diameter of down
to 5 µm without the use of any contrast agents.

x-rays, a high-Z contrast agent is typically used. Another option to elucidate the
inner structures of soft tissues is histology, where the sample is sliced into thin
sections, dyed and finally imaged with visible-light microscopy. Histology is the
gold standard for many clinical and preclinical applications. It does have the dis-
advantage of being invasive: the sample is no longer intact after the process. For
non-invasive studies, methods such as CT are of interest. In this study, we take
advantage of the strong phase contrast available with our arrangement and image
intact zebrafish without any added contrast agents.

Figure 6.6 shows a 3D rendering (a) and a slice (b) of a zebrafish. It is about
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2 mm long and 400 µm in diameter near the head. The eyes are to the right in
the images and the muscles of the tail can be seen in the upper left parts. The fish
was sacrificed 20 days post fertilization (dpf), chemically fixated and embedded in
agarose solution inside a polycarbonate tube prior to imaging. The agarose hardens
into a gel, which holds the fish in place. The tube had an inner diameter of 1.0 mm
and an outer diameter of 2.0 mm and was chosen to give good x-ray transmission,
while at the same time being stable enough for the fish not to move during the
long tomography scan. The source-to-object distance was 0.36 m and the object-
to-detector distance 1.44 m. 2416 projections were acquired over 180◦, with a total
exposure time of 63 hours. The source was operating at 30 W e-beam power. No
filtering of the beam was used, as we wanted to make use of the strong 9.25 keV
Ga emission line of the source spectrum.

The long scan results in excellent image SNR, which allows the detection of
individual low-contrast muscle fibers, and possibly even their internal structure, the
myofibrils. A single muscle fiber contains a large number of myofibrils or muscle
fibrils. After the CT scan, the projection images were phase-retrieved before FBP
reconstruction. For phase retrieval, the Fourier method in Rytov approximation
[90, 91] was used. It is especially important to properly choose phase-retrieval
parameters here, due to the high resolution required to resolve individual muscle
structures, which typically have a diameter of 5 µm here. This calls for a resolution
close to the limit of what is possible with our imaging systems. The process of
phase retrieval should correctly retrieve the phase of the muscle fibers and fibrils,
without blurring their edges.

As an additional post processing step before FBP reconstruction, the images
were deconvolved with the source PSF. The process of deconvolution is essentially
a differentiation, which increases the noise of the image while making it sharper.
Depending on the noise properties of the image, deconvolution may or may not
improve the resolution. Here, the SNR of the projections was high enough to make
deconvolution worthwile.

Muscle fibers, and possibly even myofibrils, down to a diameter of 5 µm are
observable in the reconstructed slice of Fig. 6.6(b) [92]. This result is especially
interesting due to the weak contrast between muscle fibers and surrounding soft
tissue. Phase contrast is key to be able to image such small structures without the
use of injected contrast agents or staining of the muscles.

6.4 Mammography phantom

In Paper 2 we investigated the properties of the heated R5 source with a mam-
mography phantom. The phantom (Model 11A, Computerized Imaging Reference
Systems, Inc.) is made of 3.5 cm thick epoxy and contains high-contrast microcal-
cifications (Fig. 6.7(a)-(b)), low-contrast tumor masses (Fig. 6.7(c)) and line pair
targets (Fig. 6.7(d)-(e)). The high-contrast line pairs can be used to investigate the
resolution of the imaging system. For the experiment, 200 µm Al filtering was used



46 CHAPTER 6. IMAGING APPLICATIONS

to optimize the source spectrum and decrease the dose delivered to the phantom.
The source-to-object and object-to-detector distances were both 1.45 m. We chose
an exposure time of 180 s, resulting in a dose of 4 mGy.
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Figure 6.7: High-resolution projection imaging of a mammography phantom. (a) 165 µm
diameter and (b) 130 µm microcalcifications. (c) Tumor masses with diameters 4.76-
1.19 mm. (d)-(e) Line pair targets. (f) A line profile showing the signal for the 20 lp/mm
target. Reprinted from Paper 2.
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Figure 6.7 shows that the structures of the 20 line pairs/mm metal grating
are resolved, with a modulation of 7 %, corresponding to a resolution of at least
50 µm for high-contrast materials in this experiment. Naturally, the SNR of objects
with lower contrast will be lower, which can be appreciated by comparing the
visibility of the line pair test target in Fig. 6.7(e) to that of the 165 µm-diameter
microcalcifications (CaCO3) in Fig. 6.7(a).

The dose in Fig. 6.7 is 4 mGy, which is too high for mammography, where
a typical mean glandular dose for a 3.5 cm thick breast is about 1 mGy. In the
paper, we opted for a higher dose due to the relatively low efficiency of our x-ray
detector for higher energies; the scintillator has an absorption efficiency of 11 %
at 24 keV. In order to decrease both the exposure time and dose of this method,
source development must be followed by detector development. An improvement
in source power would decrease the exposure time but not affect the dose required
to image the features of the phantom. However, if the quantum efficiency of the
detector could be increased by, say a factor of three, both the exposure time and
dose could be decreased by the same factor. Detectors with high resolution and
sufficient quantum efficiency are difficult to realize, but would be a very important
contribution for PBI and other high-resolution imaging of few-cm-thick samples
with low dose.

6.5 Carbon composites

Carbon fiber-reinforced polymers, or simply carbon composites [93] are important
in many industries where there is a need for lightweight structures, such as when
manufacturing cars or air planes. These materials consist of carbon fibers, which
are surrounded by a resin of, e.g., epoxy. Carbon fibers can withstand a high tensile
stress along their long axis and the resin prevents shear. During fabrication, air
inclusions might be introduced into the material. Such voids will lower the strength
of the material and are detrimental to its performance.

X-ray synchrotron imaging has been used to study the properties of different
composite materials [94], e.g., as a function of the amount of inclusions. Phase-
contrast imaging has been shown to be especially useful for the detection of cracks
and air inclusions in low-Z composites [95]. With CT, it is possible to quantify
the volume fraction of air in a sample, as function of, e.g., different manufacturing
methods. The high spatial resolution of our imaging system enables visualization
of smaller voids than with standard compact x-ray equipment.

In Paper 6, we performed phase-contrast CT on a 3D-woven carbon-composite
sample and investigated the importance of choosing proper phase-retrieval param-
eters in order to visualize air voids and carbon fibers. Figure 6.8 shows a recon-
structed slice of the carbon-composite rod. The tomography reveals the distribution
of the fiber bundles (white) in this section of the rod. Also, an air inclusion (black)
in the fiber bundle in the lower right corner of the sample is clearly visible. From
Fig. 6.8(b)-(c) it is clear that the choice of δ/µ, proportional to δ/β, has a great ef-
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Figure 6.8: Tomographic recontructions of a 3D-woven carbon-composite sample. The
effect of the choice of phase-retrieval parameters is illustrated. (a) Slice reconstructed
without phase retrieval. (b) Phase-retrieved slice with δ/µ = 6.8 · 10−9. (c) Phase-
retrieved slice with δ/µ = 1.5 · 10−8. An air inclusion (black) is visible in the lower right
corner of the sample. Reprinted from Paper 6.

fect on the resulting image. The interface between the carbon fiber bundles and the
surrounding vinyl ester resin looks sharp in Fig. 6.8(a)-(b), due to the presence of
edge enhancement. In Fig. 6.8(b), the phase-retrieval parameters (δ/µ = 6.8 ·10−9)
are not properly chosen for correct reconstruction of the carbon-vinyl interface, as
some edge enhancement remains. In Fig. 6.8(c), where δ/µ = 1.5 · 10−8, the vinyl-
carbon interface is correctly reconstructed, while the air-vinyl interface is blurred.
The single-material method [64] used here can not simultaneously reconstruct both
the interface between air and carbon, and that of carbon and vinyl resin, correctly.

Figure 6.9 shows two perpendicular, reconstructed slices from a CT scan of
another carbon-composite rod. In Fig. 6.9(a), the bright fiber bundles are glass
fibers and the white circle marks an air inclusion. Gray carbon fiber bundles and
epoxy resin make up the rest of the sample. Figure 6.9(b) shows an area rich in air
inclusions ranging in size from 30 µm down to approximately 8 µm (white circle).

In order to estimate the resolution in the reconstructed dataset (Fig. 6.9), the
Fourier ring phase residual (FRPR) method was used [96]. FRPR is defined as

FRPR =
∑
|F1||F2||δθ|∑
|F1||F2|

, (6.1)

where F1 is the complex amplitude of a Fourier space pixel in the first image, F2 is
the corresponding value in the second image, and δθ is the phase difference between
the two. The summations are over a ring in the Fourier domain. For δθ = 0, the
images are completely correlated, i.e., identical. When the phase difference reaches
a value of π/2, the two images show no correlation. The spatial frequency at which
δθ = π/2 is a measure of the resolution for the dataset.
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Figure 6.9: Tomography of a carbon-composite rod. (a) A reconstructed slice through
the rod, showing glass fibers (bright). The white circle marks an air inclusion. Carbon fiber
bundles and epoxy resin make up the rest of the sample (gray). (b) A slice reconstructed
perpendicularly to the image in (a). An area rich in air inclusions ranging in size from
30 µm down to approximately 8 µm is marked by the white circle.

This type of resolution estimation can also be done on the full 3D dataset
with, e.g., Fourier shell correlation (FSC) [97]. FRPR is similar to Fourier ring
correlation, which is the 2D analogue of FSC. The FRPR analysis for the Fig. 6.9
dataset was performed on reconstructed 2D slices through the object. Projections
were acquired over 360◦. The image at θ and a mirrored version of the image
at θ + 180◦ are then compared to give the FRPR result. Figure 6.10 shows the
resolution in Fig. 6.9. The estimated resolution is 36.4 µm in the detector plane,
which corresponds to a resolution in the object plane of 7.30 µm (M = 5). The
carbon fibers are about 7 µm in diameter and several hundred fibers constitute a
bundle. Individual carbon fibers are difficult to observe, but the higher-contrast
glass fibers can be visualized in the reconstructed slices.
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Figure 6.10: Fourier ring phase residual for the dataset of Fig. 6.9. The plot shows that
the correlation between images goes to zero for a frequency of 0.027 µm−1, corresponding
to a resolution of 36.4 µm in the plane of the detector. This translates to a resolution of
7.30 µm in the object plane.

6.6 Fast lung imaging with the R6 source

All of the above imaging tasks have been carried out at the R5 source (Section 5.1.1),
except for the mammography phantom imaging, which was performed with the
heated R5 source (Section 5.1.2). The present Section describes mouse lung imaging
with the newer R6 high-power prototype source (Section 5.1.3). It was used to image
mouse lungs ex vivo, with the aim to investigate the differences between healthy
controls and lungs affected by emphysema. Emphysematous lungs are known to
have bigger and fewer alveolar structures, compared to healthy lungs [98, 99]. The
high-power source enables faster imaging of the lungs than with the old R5 source.
A full phase-contrast tomogram was acquired in 20 min, with a dose of 7.2 Gy. The
result is shown in Fig. 6.11. The lungs had been inflated with air, the thrachea
sealed and had settled in the bottom of a cone-shaped plastic tube filled with 4 %
formaldehyde. The injected air gives a large difference in electron density at the
air-tissue interface, which results in strong phase contrast of the alveoli.

The R6 source operated at 300 W e-beam power with a spot size of 8.3×8.2 µm,
as determined by zone plate measurements. The total exposure time for the to-
mogram was 20 minutes and 360 projections were acquired over 180◦. The source
spectrum was filtered with 200 µm Al in order to decrease the dose delivered to
the sample. The source-to-object distance was 0.313 m and the object-to-detector
distance 0.187 m. These distances were kept short in order to acquire a fast to-
mogram. In future experiments, embedding the lung in, e.g., agarose gel could
decrease motion artifacts, which are visible in Fig. 6.11.
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Figure 6.11: Fast PBI CT of an air-filled mouse lung ex vivo, using the new high-power
R6 source. (a) Reconstructed slice showing the alveoli in black. (b) Isosurface in the
reconstruction. The tomogram was acquired over 20 min, with a dose of 7.2 Gy. The
source power was 300 W and the spot size 8 µm.





Chapter 7

Conclusions and outlook

In this Thesis, high-resolution x-ray imaging of small animals and other biological
samples has been demonstrated using liquid-metal-jet x-ray sources. Developments
in x-ray phase-contrast imaging methodology have also been shown. The higher
power of liquid-metal-jet sources, compared to conventional electron-impact micro-
focus sources, means that shorter exposure times can be achieved. This is important
in bio-imaging, where samples are not entirely stable over time.

A new 24 keV liquid-metal-jet x-ray source was developed for small-animal imag-
ing, and introduced in Paper 2. It is better suited for imaging of samples that are a
few cm thick, such as mice, compared to previous sources. This is due to the higher
x-ray energies produced by the more indium-rich alloy. This source improves pen-
etration through thick tissue and facilitates imaging of small animals.

The small spot size (∼8 µm) of the sources enables propagation-based phase-
contrast imaging in a lab setting, when combined with a high-resolution detector.
Phase imaging can greatly improve image contrast, compared to absorption imag-
ing. This is especially true when imaging soft tissue, due to the fact that the ratio
δ/β can be as high as 103 in an energy range appropriate for imaging of small
animals and even humans (10-100 keV). In Paper 5, computed tomography of a
full mouse was realized with a liquid-metal-jet source for the first time. High-
resolution absorption images of bone structures and low-dose tumor demarcation
with propagation-based phase-contrast were shown. PBI has also been used in an
attempt to image the cartilage of mouse paws, for studies of arthritis.

In Paper 8 we imaged the muscle structure of whole zebrafish with PBI CT,
resolving individual 5-7 µm fibers. To our knowledge, such small muscle structures
have not been observed previously in contrast agent-free x-ray imaging. Histology
can reach higher resolution, but requires sectioning and staining of the fish. Imaging
using visible light is limited to thin samples, i.e., young fish, while the penetration
power of x-rays enables high-resolution imaging of intact, older zebrafish. This
illustrates the power of PBI CT for whole-body small-animal imaging and opens
up possibilities for studies of zebrafish muscle development over a larger time span.
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Compared to conventional absorption contrast, the achievable image SNR per
dose is much higher for phase imaging, which means that phase contrast has its
greatest advantage over absorption contrast in applications where it is important
to limit the radiation dose. The full potential of the technique is difficult to real-
ize due to technical reasons, but a sizeable improvement over absorption imaging
has already been demonstrated here, e.g., by high-resolution and low-dose CO2
angiography in Papers 3, 4 and 7. We showed that with PBI, small blood vessels
in rat kidneys and mouse ears can be detected with much lower dose than in con-
ventional absorption imaging that uses iodinated contrast agents. In Paper 7, we
showed that we can image the three-dimensional structure of blood vessels around
a tumor, which seems promising for small-animal studies of angiogenesis and, po-
tentially, the development of anti-cancer drugs that are designed to restrict blood
flow to tumors.

The relatively long exposure times required in laboratory x-ray imaging remains
an issue, especially for in-vivo small-animal imaging. All imaging in this Thesis has
been done on sacrificed whole animals or ex-vivo samples. Liquid-metal-jet sources
provide higher power than other compact sources with the same spot size, but
compared to, e.g., the time it takes for a mouse to take a breath, exposure times
are still far too long. In order to improve the situation, a high-power prototype
source was developed by the company Excillum AB in a collaboration with our
group, which the author of this Thesis was the main responsible for on the KTH
side. The new source operates at ten times higher power than the sources used
in the papers in this Thesis, with the same spot size so as to not sacrifice spatial
resolution or PBI capabilities. With our older sources and for thin samples, such
as a mouse ear, exposure times are already on the order of a few seconds for a
projection. Fundamentally, high-resolution imaging of thicker samples, such as a
whole mouse, requires longer exposure times. The R6 high-power source is a step
in the right direction, but a 10× reduction in exposure is not enough to acquire a
CT of a breathing mouse with high resolution. For future in-vivo PBI applications,
advances in source technology have to be followed by the development of high-
resolution and high-efficiency x-ray detectors.



Summary of Papers

This Thesis is based on the eight Papers listed below. In all Papers, liquid-metal-
jet sources have been used, mostly for small-animal imaging. The work covers
method development of propagation-based phase-contrast imaging in a laboratory
setting. The author has been the main responsible for Papers 2 and 5, planning and
executing experiments as well as performing data processing, analysis and writing
the Papers. The author is the joint first author of Paper 8, where he has performed
early calculations, simulations and experiments, as well as supervised the later
stages of the work and helped writing the Paper. The author has planned and
executed the experiments in Paper 6 and assisted in writing the Paper. In Papers
1, 3, 4 and 7, the author has contributed actively to the planning and execution
of experiments and to the writing of the Papers. The handling of live animals has
been done by others.

Paper 1: Phase retrieval in x-ray phase-contrast imaging suitable for
tomography
This Paper summarizes the analytical phase-retrieval algorithms for propagation-
based phase-contrast x-ray imaging which have previously been published and shows
that although they are derived very differently, they can still all be implemented
in a very similar fashion. This generic algorithm turns into either of the previ-
ous algorithms by selecting three functions that differ between the methods. The
methods are compared theoretically and numerically and a scheme for selecting the
appropriate algorithm is presented.

Paper 2: A 24 keV liquid-metal-jet x-ray source for biomedical
applications
This Paper presents a metal-jet x-ray source suitable for whole-body small-animal
imaging. It uses a jet alloy with higher indium content, which gives a higher output
of 24 keV In Kα photons compared to previous sources using Galinstan as alloy. This
increases penetration through few-cm-thick samples, such as a mouse, but requires
heating due to the higher melting temperature of the new alloy. Applications for
such a source are demonstrated through imaging of a mammography phantom and
a mouse angiography phantom.
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Paper 3: X-ray phase contrast for CO2 microangiography
This Paper presents the idea of combining carbon dioxide angiography with prop-
agation-based phase-contrast x-ray imaging. The method is demonstrated on the
vascular system of rat kidneys in projection images as well as tomography. Exten-
sive simulations are performed to show the potential of the method and compare it
to absorption-contrast x-ray imaging.

Paper 4: X-ray phase-contrast CO2 angiography for sub-10 µm vessel
imaging
This Paper shows experimentally that propagation-based phase-contrast CO2 mi-
croangiography can image blood vessels down to about 8 µm in diameter. The
limits of the methods are investigated and this is shown to be close to the theoret-
ical limit of the method with respect to both required gas pressure and radiation
dose with present technology. Vessels in rat kidneys and mouse ears are imaged.

Paper 5: First application of liquid-metal-jet sources for small-animal
imaging: High-resolution CT and phase-contrast tumor demarcation
This Paper presents the first whole-animal mouse absorption and phase-contrast
imaging using liquid-metal-jet x-ray sources. In an absorption-contrast setup, pro-
jection and CT images resolve down to 50 µm structures in the mouse skeleton. In
phase contrast, edge enhancement enables low-dose tumor detection and demarca-
tion, without the use of contrast agents.

Paper 6: Phase-retrieval methods with applications in
composite-material tomography
This Paper demonstrates phase-contrast tomography of carbon composite samples
with high resolution. Air voids and the organization of fibers is imaged, which can
give information on the strength of the material. The influence of the choice of
phase-retrieval parameters on image quality and fidelity is shown.

Paper 7: X-ray phase contrast with injected gas for tumor
microangiography
This Paper shows that propagation-based phase-contrast x-ray imaging with gas
as contrast agent can be used to image tumor blood vessels down to 15 µm in
diameter. This is limited by the gas pressure that tumor vasculature can withstand.
The Paper also shows that the tumor vessels are more compliant than those of the
surrounding tissue, i.e., they expand more over time and as the pressure is increased.
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Paper 8: Laboratory phase-contrast x-ray tomography for imaging of
zebrafish muscle structure
This Paper uses propagation-based phase-contrast tomography to visualize muscle
fibers, and possibly even myofibrils, of diameters down to 5 µm inside zebrafish,
without the use of any contrast agents. The process requires careful sample prepa-
ration, low-noise projection images and appropriate phase retrieval during post
processing. The Paper also compares the muscle structure of zebrafish that have a
muscular dystrophy-mutation to healthy controls.
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