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Abstract

This project looks at the design of an in-line X-ray phase contrast imaging system, based
around the Bede Microsource®, on a suitable scale for imaging small pathological
samples. The system is applied to two test objects to assess feasibility of its use in
practice. The system comprises: microfocus X-ray source, copper and rhodium targets,
phase object and detector. By altering sample position, phase contrast is seen to vary
proportionally with propagation distance. By increasing source size, phase contrast is
seen to degrade with increasing source dimensions. It is furthermore determined that
transverse coherence in the direction perpendicular to a sample boundary dominates the
result. Using different operating voltages with an image manipulation approach, the
importance of monochromaticity is investigated. It is determined that less polychromatic
X-rays provide better phase contrast. However, applying a filter method of
monochromation reduces phase contrast due to beam hardening, so this method is
unsuitable for phase imaging with this system. By increasing sample thickness, phase
contrast is seen to plateau at a certain thickness, dependant on X-ray energy, revealing a
practical limitation of the system. Introduction of water and glass to the system is seen
to be detrimental to phase contrast, due to beam hardening. However phase contrast is
not destroyed by the presence of water. When imaging a mammographic test object
comprising low-contrast details and breast tissue morphology, the system detects all
low-contrast details extremely well. Furthermore, using a phase object together with
breast tissue morphology, with the harder rhodium X-rays, the system detects an
anomaly of ~500um through the noise of simulated breast tissue. Finally, we see the
difference in two scorpion sting images: an absorption image taken at the beginning of

the project and a phase image taken after the system has been improved.
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1. Introduction

This project looks at the design of an in-line X-ray phase contrast imaging system, based
around the Bede Microsource®, on a laboratory scale which is suited to imaging small
pathological samples. The starting point for the project is to consider some background

information on absorption and phase contrast imaging in the X-ray regime.

1.1 Absorption imaging with X-rays

W. C. Rontgen’s discovery of X-rays in 1895 [1] paved the way for a huge branch of
research and excellent medical diagnostic tools. For more than a century X-rays have
been exploited for their ability to pass through matter to a greater or lesser extent. X-ray
diffraction provides one of the main techniques for determining crystal structure of new
materials while hospitals have benefited from the use of radiology equipment for

detecting broken and fractured bones using X-ray images.

The type of X-ray image used by a radiology department is an absorption contrast
image: the variation of intensity in this type of image shows the locations where X-rays
have been absorbed to different extents in the object of interest. The first documented X-
ray image shows a hand belonging to W. C. Réntgen’s wife (Figure 1.1). The bones in
her hand appear less intense than the rest of the tissue because they provide locations of
higher density for the X-rays to travel through and hence more X-rays are absorbed.
When a broken bone is imaged using radiological equipment in a hospital, the location
of the break is seen in the image as a section of higher intensity because fewer X-rays

are absorbed on propagating through this gap than by the sections of bone on either side.







addition, when he used a small telescope to view the grating, the stripes disappeared
when he focused on the grating surface. His interpretation of this was that the ghosts and

principal line differed in phase.

Zernike introduced a reference surface to determine by how much these phases differed.
He used a glass plate with a thin metallic surface which transmitted only a small amount
of light, and scratched a fine slit in the metallic layer. This was then placed in the centre
of the principal spectral line to broaden out the light in order to provide a coherent
background with which the diffraction pattern could interfere. Using this set-up he
determined that the ghosts and the principal line were out of phase by 90°. In order to

remove this phase difference, he then placed a glass plate in the spectrum, with a groove

A
of Adepth coinciding with the principal spectral line and the ghosts falling on the
plain glass at either side of the groove. With the addition of this phase plate, the spectral
line and ghosts all reached the telescope with equal phase and the stripes on the surface

of the grating could be seen.

Zernike then extended this work to a microscope. An image of the light source is formed
in the back focal plane of the microscope objective, made up of a central direct image
and diffracted images on each side. This is analogous to the spectral line and Rowland
ghosts of his previous experiment. The addition of his phase plate in the focal plane of
the microscope objective brought the diffracted images and the direct image into phase
with each other and the resultant image showed black and white contrast. Zernike
suggested that this method should be named “phase-strip method for observing phase
objects in good contrast” but eventually shortened it to “phase contrast method”. This

work earned Zernike a Nobel Prize in physics in 1953.

Ultimately, by using the phase contrast method, phase changes in the light, caused by
transmission through a phase object, are transformed into intensity changes. Thus the
intensity map of the image represents the changes in phase at each respective point in

the phase object [4].






The scorpion comparison is a good example of the advantage of a phase contrast
imaging system over traditional absorption imaging methods for an object containing
weakly-absorbing sections. The advantages are not limited to the additional detail
recorded within the images, however. In the context of pathological sample images, X-
ray phase contrast imaging will eliminate the requirement for absorption-contrast-
enhancing methods, ie ‘staining’ of samples with iodine or barium [6]. In addition, in
the context of in-vivo imaging, phase contrast images of weakly-absorbing materials in
the X-ray regime would require a lower dose than their absorption contrast counterparts,
[47] due to the technique not requiring a long exposure time in order to build up

sufficient differences in image intensity between sections of similar density.

Unfortunately, X-ray phase contrast images can be difficult to achieve because the small
scale of X-ray wavelengths corresponds to very slight variations in the X-ray refractive

indices of materials and so extremely sensitive detectors are required.

1.3.1 X-ray Interferometer

The first known attempt to achieve phase contrast images using X-rays was by Bonse
and Hart [7] in 1965. This method uses a Mach-Zehnder-type X-ray interferometer
(Figure 1.3) comprising a beamsplitter, two transmission mirrors and an analyser crystal,

all made by carving two wide grooves into a single-crystal block.

\_ L Object

7/ N\

Source Beamsplitter Transmission Analyser
mirror

Figure 1.3: Schematic of X-ray interferometer technique

The beamsplitter uses Laue diffraction in order to split the incident beam into two

coherent beams [7]. Objects of interest are placed in the path of one of these two beams



between the beamsplitter and the mirrors, thus the final image displays the interference
fringes from the two beams after recombination. The object is often immersed in an
index-matching liquid to suppress the refraction [6, 18-19]. Exposure of a uniform
object yields equally-spaced fringes while local electron density (and hence refractive
index) variations in an object are represented by a phase contrast topograph (6, 9-18, 20-

38).

Using the X-ray interferometer on its own does not yield an image of the object itself,
but it is the manipulation of the phase contrast topograph which gives the useful
information. X-ray interferometers have since been combined with X-ray computed
tomography methods [6, 9, 10-18, 20, 25-31, 35, 38-43]. The reference beam contains a
wedge-shaped phase-shifter, which results in straight fringes with regularly-spaced
intervals called carrier fringes. When a sample is added to the set-up, the carrier fringes
are displaced due to the phase shift from the sample. The Fourier transform (FT) [6] of
the interference fringes is taken, although the spatial resolution of the resulting image is
limited by the carrier fringe interval. A fringe-scanning (FS) method [6] can also be
used, which takes into account many images with varying phase shift by moving the
wedge-shaped phase-shifter for each image. The images from both the FT and FS
manipulations are then reconstructed using a computer tomography algorithm, and both

methods extract a phase-contrast image from the interference patterns.

An alternative type of interferometer has also been used for phase-contrast imaging: the
shearing interferometer [36, 38, 39, 44-46] (Figure 1.4). This shears the X-ray beams by
only a small angle so they travel through different sections of the sample while

remaining close together.
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Figure 1.4: Schematic of shearing interferometer technique



Referring to Figure 1.4, the shearing interferometer comprises three transmission
gratings and a detector: the first transmission grating diffracts the incident wave into
* 1* orders; the second transmission grating recombines the split rays, and the third is
an amplitude grating in the region of interference. This set-up provides differential
phase contrast micrographs. Alternatively the first grating may be replaced with a prism
[38, 45, 46], or the third may be replaced with an analyser crystal to deflect those X-rays
propagating at a specific angle to the optical axis [44]. Again, this method may be

teamed with computed tomography methods in order to yield a useful image.

Because the interferometer is usually cut from a single crystal block, the main drawback
to the interferometer method is in the dimensions of the set-up. A typical length scale for
the beamsplitter-transmission mirror or transmission mirror-analyser distance is ~34mm
[6]. This has been increased to ~ 70mm for the standard shearing interferometer set-up
[44] illustrated in Figure 1.4. This does limit the size of the samples, especially if the
set-up includes the addition of a cell containing an index-matching liquid. Unless these
dimensions are scaled up, the applications available to the single crystal interferometry
method for phase-contrast imaging will remain severely limited. Less conventional
interferometers, for example the shearing interferometer with a prism, allow for a larger
space for samples, even of the order of several metres [45]. These dimensions are much
more realistic, making the less conventional interferometry methods feasible for more
applications. Of all phase contrast imaging techniques, interferometry comprises the
most complex set-up due to the precisely-cut crystals required to form the beamsplitter,
transmitter and interference planes. In addition, interferometry methods require the high
spatial coherence and high-intensity monochromatic beams which are only achieved at
synchrotron sources: thus interferometry methods are not available to a laboratory
environment. However, once the system is calibrated with a reference beam, phase
changes can be determined directly from the resulting phase maps which is a huge

advantage.




1.3.2 In-line
Phase contrast images have also been achieved without using an interferometer. The

simplest set-up is to use an X-ray source, object and detector, as shown in Figure 1.5.

\_/
Object
Source
<

Detector

Figure 1.5: Schematic of simplest set-up for achievement of phase contrast

The transverse coherence length of the X-ray beam is inversely proportional to the

source size:

o (1-1) [48]

where A is the wavelength, / is the source-sample distance and o is the source size. So
ideally, in order to provide spatially coherent radiation, the source size must be as small
as possible, emulating a point source. While this simple method has been set up using
synchrotron radiation [49], it has been demonstrated using a polychromatic laboratory
source with a diameter of less than 20um [48]. This provides a spatially coherent source
but not a chromatically coherent one. Using an object comprising a combination of glass
fibres and air bubbles confined in a polymer glue, Wilkins e a/ [48] captured images
with the detector in two locations. When the detector was only Imm from the object,
absorption images were obtained which retained only a fraction of the detail, as
expected. With the detector 1200mm from the object, the refracted X-rays were

projected sufficiently to yield a detailed phase-contrast image.

Other methods used to achieve phase contrast are variations on the simple set-up
described above. The majority of the documented experiments use monochromatic X-
ray beams from synchrotron radiation sources [6, 9-18, 20-46, 49-147]. Synchrotron

beamlines provide very intense, coherent X-ray beams which keep exposure times short.







changing the angle of the analyser, a number of images can be built up, each with
different contrast for the features of the object. A further development of the DEI set-up
includes a double monochromator with a prism between the two monochromator
crystals in order to select different harmonic orders of the monochromated X-rays [103].
The introduction of an analyser crystal or prism to the set-up adds a distinct advantage
because it is capable of obtaining a number of images of the same object, each with an
emphasis on a different feature. However, because the analyser allows only a very
narrow bandwidth to pass through, only a fraction of the source intensity reaches the
detector, and so very high intensity sources are required. Much of the DEI work to date

has been based at synchrotron facilities.

A recently developed method for phase contrast imaging exploits the Talbot effect [35].
This is a self-imaging phenomenon seen when a periodic object is illuminated by
spatially coherent radiation. Examples of suitable objects include a grating or a mesh.
This phenomenon is seen as a detector is moved along the optical axis, during which the
self-image of the periodic object appears and disappears periodically. Talbot
interferometry makes use of a second grating, placed at one of these self-image locations
along the optical axis, at a slight angle to the vertical (typically 1 degree). The gratings
generally have the same period. Illumination by plane waves generates a fringe pattern
representing the superposition of the first grating’s self-image with the periodic pattern
of the second grating. On illumination by a curved wavefront, the fringe pattern is
displaced. By placing a phase object in front of the first object, the fringe displacement
can be used for phase information retrieval. To date, this method has been employed

using synchrotron radiation and has been used to image a plastic sphere [35].

1.4 Current applications

Although X-rays are still most commonly used for absorption contrast imaging in
research and in medical diagnostic applications, phase contrast imaging methods are
becoming more widely used in research and are improving rapidly. Phase contrast
imaging techniques can detect more detail than absorption contrast images in many

objects including non-living biological specimens. To date, the phase-contrast imaging



techniques described above have been used to provide detailed images of a wide range
of objects. The most common objects imaged by the above methods are some
combination of fibres, bubbles or polymer spheres 5, 6, 8, 27, 32, 35, 37, 44, 47-51, 54,
57, 58, 61, 63, 69-71, 75, 80, 83-85,90,91, 104, 110, 112, 116, 117, 130, 134, 158, 163-
166, 168, 169, 171, 173, 175-177, 182, 185, 186, 188 189, 208 - 210] because the edges
of each of these objects are simple step-functions, making it easy to distinguish between
absorption and phase contrast. Other non-biological objects imaged using these methods
include bread [77], cochlear implant components [157], crystals [29, 36, 78, 98, 100,
102], crystal fibres [190, 191}, diamond [60], electronic components [76, 171], graphite
filters [149], laser-heated air [ 184], metallic objects [46, 53, 59, 82, 84, 88, 89, 107, 127,
177, 211], paper [49, 66, 163, 168, 192], hand phantoms [164], mammographic
phantoms {28, 56, 65, 70, 81, 93, 96, 98-100, 108, 111, 113, 115, 121, 123, 140, 145,
155, 159, 160, 163, 167, 169, 73, 181, 193, 212], plastic objects [36, 111, 139, 164,
171], polymer/plastic sheets [160, 172, 174-176], photonic crystals [225], radioactive
fuel particles [226], semiconductor devices [163, 168] and thin films and foils [5, 45, 47,
49, 59, 60, 68, 70, 168, 179, 181, 213]. Particularly sensitive systems have even

achieved images of beryllium windows [149].

Some phase-contrast imaging techniques have been used on natural objects and
substances, such as flowers [93], leaves [34, 47, 70, 120], plant roots [55, 80, 156], salt
crystals [187], soil [156], water [134, 214], wood [70, 163] and Chinese medicines [215,
216].

Phase-contrast imaging is now moving towards medical applications, with the use of the
techniques discussed above for the imaging of some pathological specimens. These
“include parts of bats [146], birds [74, 111, 175, 176], cows [147], dogs [87, 207], small
fish [48, 154, 180, 182, 194], frogs [180], horses [207], various insects [47, 64, 79, 114,
128, 132, 133, 144, 154, 163, 168, 194, 217}, marsupials [146], mice [16, 39, 41, 43, 63,
74, 83, 86, 94, 98, 100, 105, 111, 122, 140, 145, 151, 181, 195, 218, 219], rabbits {9, 15,
17, 18, 20, 26, 37, 69, 83, 207, 218, 220}, rats [10, 15-18, 20, 37-38, 41-43, 58, 69, 73,
80, 138, 143, 221], oxen [222], shrimp [174] and wallabies [86]. Individual pathological
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samples of interest have thus far included the following: blood [14, 22, 74], bones [62,
63, 74, 79, 147, 194, 195, 221, 223], brain tissue [138, 222], breast tissue [43, 56, 64,
65, 74,92, 93, 97, 98, 101, 104, 105, 109, 126, 134, 135, 175, 176, 193, 224], cartilage
[11, 74, 105, 106, 118, 119, 124, 125, 127, 130, 137, 142, 145, 148, 223], cancerous
colon tissues [12, 43], eyes [87, 207], feathers [70], a foetal inner-ear [52], heart tissue
[42], kidneys [16, 37, 43, 64, 143), legs [140, 145, 219], liver [12, 13, 21, 30, 37, 129,
152, 154], lungs [69, 74, 83, 86, 94, 120, 145, 154, 218, 220], thyroid glands [28, 141],
teeth [72, 120] and uterus tissues [120, 136].

Many of the results gained from experiments with phase contrast imaging are qualitative
images, showing contrast at boundaries between sections of different refractive index
and comparing these to absorption images of the same object. Algorithms are currently
being tested to reconstruct sample thicknesses [173] via computed tomography,
although these are mainly limited to spherical objects. The ultimate limitation in

resolution of phase contrast images is pixel size [50].

1.5 Toward shorter wavelengths

Further work in phase contrast imaging has recently begun at neutron wavelengths
[196]. Phase contrast images have been achieved using both polychromatic [197-201]
and monochromatic [199, 201, 203] neutrons from fusion [200] and spallation [198,
204] sources. Thermal neutrons [198-201, 203, 205] and cold neutrons [199, 204, 205]
have both demonstrated their compatibility with phase contrast methods. The majority
of work at these short wavelengths has involved an in-line set-up [197-200, 206],

however interferometry has also proved successful [196, 202].

Samples imaged using neutron phase contrast methods to date include cog wheels [198],
crystals [197], metal foams [198, 201, 205], meshes [198] and screws [203], polymer
and ceramic materials [200], sulphur and water isotopes[202], syringe needles [198,
205] and a wasp [199]. Other than the wasp, biological samples have not yet been

imaged using neutron phase contrast imaging according to published literature.
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For the foreseeable future, phase contrast imaging with neutrons will be limited to major
spallation and fusion sources because suitable laboratory sources are not yet available.
Thus X-ray phase contrast imaging will become available to more applications, sooner,
although there is much development work yet to be completed within both regimes.
Much further work is required to develop reliable phase contrast methods within the

laboratory, in order to move the field forward.

1.6 Overview of this project

Although synchrotron beamlines are available for phase contrast imaging techniques,
the real way forward for commercial exploitation of phase contrast imaging is to
develop laboratory-scale systems. With this in mind, this project investigates the effect
of several factors within a laboratory-based imaging system which are expected to
influence the phase contrast content of the images. The in-line method shows the most
promise at the laboratory scale because the interferometry and DEI methods waste a
significant amount of the incident intensity while the in-line method makes use of it all.
For this reason, the in-line method is used in this project. A very simple object is used in
the experiments, which has just one boundary, which allows for easy quantification of

the phase contrast in the images.

One of the key differences between the in-line and absorption imaging set-ups is the
propagation distance between the sample and the detector. So this project investigates
the relationship between the propagation distance and phase contrast in order to
determine the limiting propagation distance below which the system cannot achieve

phase contrast images.

According to equation (1-1), the transverse coherence length is inversely proportional to
the source size, and so it follows that the source size should be as small as possible.
However while synchrotrons can achieve miniscule source sizes, laboratory-based
sources generally achieve source dimensions of the order of tens of microns or larger.
This project maps the relationship between source dimensions and phase contrast, with

the aim of looking at how source size limits the phase contrast in practice.
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Monochromatic X-rays are suitable for phase contrast imaging because the narrower the
bandwidth, the smaller the spread in diffraction at a sample boundary. The high
intensities of synchrotron sources allow for excellent monochromation of the X-rays
while retaining more than sufficient intensity for imaging purposes. However, perfect
monochromaticity is impossible to achieve with a laboratory source without removing a
huge proportion of the intensity, so the options available are partially monochromated or
fully polychromatic X-ray spectra. Both of these options are used in this project in order
to check the system’s capability in each case and to determine which option produces

the better phase contrast.

Most samples used in phase contrast imaging to date have been very thin: small fibres,
films or bubbles, slices of biological tissues. It is expected that as the thickness of a
sample is increased, the absorption property of the material would provide more and
more of the image contrast. So this project looks for practical limits on the achievable

phase contrast as sample thickness is increased.

Although a number of pathological samples have been imaged in phase contrast systems
(as detailed earlier in this chapter), according to the published literature no work has
been done to investigate the effect of water on phase contrast imaging systems. Most
pathological specimens contain huge amounts of water (human tissue being a prime
example), so this is a gap in knowledge in the field which does need to be addressed. To
this end, this project investigates the effects of increasing path lengths of water in the
system and explains the results using a model of the system. A similar experiment is
completed using glass in the system, with a view to finding out whether glass-mounted

pathological specimens can be imaged.

After looking at the effects of the above factors on the imaging set-up and applying the
lessons learned, the system is applied to a test object and a pathological sample in order
to find out its capability of achieving phase contrast images of increasingly complex

samples.
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The layout of this thesis is as follows:

e Chapter 2 discusses the theory behind X-ray phase contrast imaging and reports on a
simulation of an in-line set-up, which generates the phase contrast image expected

for the single-boundary object used in most of the experiments.

e Chapter 3 discusses the experimental issues which were overcome before images

could be recorded and analysed for this project.

e Chapter 4 reports on the experiments investigating the effects of sample position,

source size, monochromaticity and sample thickness.
e Chapter 5 reports on the introduction of water and glass to the set-up

e Chapter 6 shows the images achieved for a mammographic test object and a

scorpion sting.

e Chapter 7 concludes with a summary of the project’s findings and a discussion of

laboratory-based phase contrast imaging systems of the future.
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2. Theory of X-ray phase contrast imaging

An essential part of any project’s initiation is to look at the underlying theory. This
chapter includes an introduction to X-ray phase contrast imaging theory and discusses
why some materials are more suited to phase contrast imaging than absorption contrast

imaging and vice versa.

It is helpful to model an imaging system in order to gain some idea of the images that
can be expected, in fact some of the published literature in the field discusses
simulations of phase contrast images. Examples of samples used in these simulations
include cylinders [1] and a photograph of a woman’s face [2]. Later in this chapter, a
simulation of an in-line phase contrast imaging system is discussed, with a simple
single-boundary sample in place. This simulation provides an idea of how the
corresponding phase contrast images should look, in advance of obtaining phase contrast

images of a similar sample in practice.

2.1 Index of refraction
In order to discuss the behaviour of an X-ray wavefront as it travels through a sample, it
is necessary to begin with the index of refraction. Both phase and absorption imaging
rely on the refractive index of the material of a given sample. This is given by the
following:

n=1-6+if (2-1) [3]

The absorption of radiation intensity is governed by the complex part of the refractive

index, the refractive index increment, given by:

B=——/f @22 [4]
w

where n, represents the concentration of atoms per unit volume, r, the classical electron

radius, A the wavelength of incident radiation and f. the complex part of the atomic
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scattering factor. This refractive index increment contributes to the absorption

coefficient as follows:

y =—3}_1ﬂdz (2-3). [5]

The absorption coefficient, 4, determines the X-ray absorbance of the material. As a
wavefront propagates through a given material, the intensity is absorbed exponentially

according to the following:

I=1,exp(—z) (2-4) [6]

where I, and [ are the incident and transmitted intensities respectively, and z the

thickness of the material.

The prominent X-ray interaction mechanisms which contribute to a material’s X-ray
absorbance are the following:
e Photoelectric absorption;

e Compton scattering [7].

When an X-ray photon collides with an electron in the material, if the X-ray energy is
higher than the binding energy of the shell, the electron is ejected from the shell. The
initial energy of the X-ray photon is partly used in ejecting the electron and the rest
provides the kinetic energy for the ejected electron. The hole created Iby the
photoelectron is filled by an electron falling from a higher energy (shell), with the
release of a photon of energy equal to the difference in the two shell energies. This
photon can then be absorbed further with the ejection of lower energy Auger electrons.
So all of the original photon energy has been converted and photoelectric absorption has

occurred.

X-ray photons can also ‘bounce off’” free electrons in a material. This causes the electron
to recoil, using part of the photon energy as kinetic energy, while the photon is scattered

on a different path, at a lower energy. The photon can scatter in any direction, and in
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imaging, the net result of this interaction is that photons can potentially be scattered into
sections of an image which should show a low photon count. These photons do not
contribute helpful information, behaving like a ‘veil’ across the image, so some methods
are used to eliminate the scattering effect in X-ray imaging. One option is to make use
of an anti-scatter grid [8], which consists of very thin, parallel strips of lead held
together by a material with a low atomic number. The lead absorbs incident photons
which propagate at an angle to the optic axis, reducing the scattered radiation incident
on the detector. An alternative option is simply to use an ‘air gap’ [9] between the
sample and the detector, which allows most of the scattered X-rays to miss the detector
altogether. This ‘air gap’ is in fact an intrinsic part of the set-up for in-line phase
contrast imaging, with a significant propagation distance required between the sample
and the detector. So Compton scattering should not be present to a significant extent in
most of the images in this project, except where the sample and detector are placed

adjacent to one another.

The probability that photoelectric absorption occurs is proportional to the atomic
number of the sample material and inversely proportional to the cube of the photon
energy. The probability that Compton scattering will occur is independent of atomic
number and varies very slowly with photon energy [7]. So for light materials, to which
phase contrast imaging is mainly applied, photoelectric absorption would occur less at
high energies (e.g. rhodium X-rays) than at low energies (e.g. copper X-rays), and the
Compton effect would be more significant than photoelectric absorption (in the absence

of an air gap or other anti-scatter technique) at all energies [7].

The phase of the wavefront is governed by the real part of the refractive index, the

refractive index decrement, 9, given by:

§==—f, @) (3]
V4
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The variables represented are the same as those in equation (2-2), with £, the real part of
the atomic scattering factor. As a wavefront propagates through a given material, the

phase is modified as follows:

A¢=—27”_£&1z (2-6), [10]

where z is the material thickness.

To provide examples of the behaviour of the refractive index increment and decrement
with X-ray energy, both of these variables are generated using XOP software (provided
by the ESRF) for polymethylmethacrylate (PMMA) and lead. PMMA is a weakly-
absorbing polymer while lead is a very strongly absorbing metal. The refractive index

increment and decrement for lead are shown in figure 2.1.
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Figure 2.1: Refractive index increment and decrement for lead, (a) 0-0.5keV, (b) 0.5keV—40keV

The information in figure 2.1 is split into a high-energy chart and a low-energy chart in
order to show the behaviour in detail at both ends of the scale. At very low energies (less

than 0.1keV), it is seen that for a typical strongly-absorbing material, the absorption
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component of the refractive index has very high values. At commonly-used X-ray
energies (1keV — 40keV), however, it is seen that the phase component of the refractive
index is comparable to the absorption component (within a factor of 10%). Thus for
strongly-absorbing materials, exploitation of the absorption properties at X-ray

wavelengths will yield as much information as the refractive index allows.

The refractive index increment and decrement for PMMA are shown in figure 2.2 for
0.5-40keV.

Refractive index increment and decrement for PMMA —— Detta

0.001 -
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0.0001 -
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1E-06 4
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1E'12 T T T T T LI T

0.5 55 105 16.5 205 255 30.5 355
Energy (keV) J

Figure 2.2: Refractive index increment and decrement for PMMA, 0.5keV—40keV

At commonly-used X-ray energies (1keV — 40keV), it is seen that for a typical weakly-
absorbing material, the phase component of the refractive index is several orders of
magnitude higher than the absorption component. Thus for weakly-absorbing materials,
exploitation of the phase properties at X-ray wavelengths will yield far more

information than exploitation of the absorption properties.
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2.2 Models of a flat wavefront through an in-line set-up

In order to model a wavefront through a phase object in an in-line set-up, it is necessary
to determine whether Fresnel or Fraunhofer diffraction will occur. This is done by
determining the Rayleigh length, R, as follows:

2
a

R==- (@7) [11]

where a is the aperture or obstacle size, and A the wavelength. The Rayleigh length is
compared to the sample-detector distance within the set-up, over which the transmitted
X-rays propagate to the image plane. A propagation distance longer than the Rayleigh
length results in Fraunhofer diffraction, while a propagation distance shorter than the
Rayleigh length results in Fresnel diffraction. Consider an initial source size of the order
~10um in diameter, using copper X-rays with an energy of 8.048keV (wavelength
1.54A). The Rayleigh length in this situation, calculated using equation 2-7, is 0.649m.
Consider the same source size, using rhodium X-rays with an energy of 20.216keV
(wavelength 0.61 A). The Rayleigh length in this situation, calculated using equation 2-
7, is 1.64m. Assuming a source — detector distance of less than 0.60m, Fresnel

diffraction occurs in both cases.

The in-line set-up is modelled using Matlab, and the corresponding programs are

included in Appendix A.

A flat wavefront is simulated in this model. It is assumed that the sample is far from the
source, so the radius of curvature of the diverging wavefront is large enough to allow

approximation to a flat wavefront. Initially, the following flat wavefront, ‘¥, is generated

with phase, ¢, set to zero.

¥ =1000exp(ig)  (2-8)

The wave amplitude is represented by a constant factor of 1000 across the wavefront.

The phase component, with a value of 0i, also remains constant across the wavefront.
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The amplitude and phase components of ‘¥, as generated by the program, are plotted

separately in figure 2.3.

Amplitude of wavefront

Phase of wavefront

Flat wavefront generated by program in Matlab.

Figure 2.3

(b)

(a) Amplitude and (b) Phase of wavefront.
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In order to provide a phase object which can be easily reproduced in practice, a step

function is applied such that:

x<0orx=0; A¢=:j—”5z (2-9)
-27
x>0 Ap=—728 (2-10)

This represents the X-rays passing through an object made of the same material
throughout, but of different thickness on either side of a central boundary. In reality, this
will introduce an absorption component, and so an additional absorption step function is
simulated such that:

x<0orx=0: I=1,exp(-1z) 2-11)
x>0: I=1,exp(-2uz) (2-12)

The program simulates the transmission of the flat wavefront through such a step-

function phase object via the following calculation:

x<0orx=0: Y, =¥, exp(—1i) exp(— 27”'&] (2-13)

x>0 W,,, =¥, exp(-242) exp(— 4—/’1”— &) (2-14)

The values inserted into the calculations include:
e A=1.54A, i.e. copper X-rays
e z=100um, so thicknesses on each side of the boundary are 100um and 200pm
o §=4.74517x 107 (Value for mylar at copper K energy)
e n=28.96278 (Value for mylar at copper K, energy)

The real and imaginary components of the wavefront immediately after transmission by

the phase object are plotted separately in figure 2.4.
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Every matrix element at the sample plane is assumed to contribute to every matrix
element at the image plane. This follows Huygen’s Principle that every point along a
wavefront acts as a secondary transmitter [11]. The distance over which each individual
element of the transmitted wavefront propagates is determined by considering the
wavefront matrix at the sample plane to cover an area of size 2mm x 2mm, and the final
wavefront at the detector plane to cover an area of size 10mm x 10mm. The distance
covered by each element of the wavefront matrix is determined within a series of loops

via the following series of calculations:

Vertical position on detector: image = &)1)0;3_ (2-15)
Horizontal position on detector: Ximage = [x LO_3 (2-16)
Vertical position at sample plane: Yoser = MX;Z—XE 2-17)
Horizontal position at sample plane: X object = tmp_xx2x_l()i (2-18)

X

Here, s refers to a loop variable representing the vertical detector pixels, t refers to a
loop variable representing the horizontal detector pixels, and tmpy and tmpx refer to
loop variables representing the vertical and horizontal wavefront matrix elements
respectively at the sample plane. The variables x and y are the total number of steps in
each horizontal and vertical loop respectively. All matrices used are of dimension (x,y).
Angle 0, subtended by the wavefront matrix element in the sample plane at the detector

plane in the vertical direction, over a propagation distance D is given by:

Ylm age Y Object

0 = arctan (2-19)

35



Angle ¢, subtended by the wavefront matrix element in the sample plane at the detector

plane in the horizontal direction is given by:

X mage X ject
¢ =arctan[| mes D =l ] (2-20)

The propagation distance for each individual matrix element is then calculated to be:

D

cos(B) cos(@) (2-21)

Dis tan ce =

In this way, every matrix element is propagated to every point on the detector. The value
for D used in the simulation is 0.3m. The intensity of each matrix element is calculated

via the following:

[ =2 (2-22)

n

At every pixel, the sum of all the intensities propagated to that point is taken:

n

=31, (2-23)

The simulation of the final image projected onto the detector is plotted in figure 2.6.
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Figure 2.6: Final intensity map of propagation phase contrast image of step function object

It is seen in figure 2.6 that when the phase-shifted wavefront is propagated a distance

from the object, the step in phase causes a peak and trough in the final image intensity.

This is the main indicator of the presence of phase contrast in an image of an edge or

boundary.

A similar simulation is completed with the application of a graded function to the object

such that:

x<-10orx=-10:

-10<x<10:

x>10o0rx=10:

-27
Ap=—— & (2-24)
Ag = > &(H o ) (2-25)
-27
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This represents the X-rays passing through an object made of the same material
throughout, but of different thickness on either side of a central graded boundary. This

leads to an additional graded absorption function such that:

x<-10orx=-10: I'=1,exp(—1z) 2-27)
-10<x < 10: I=1, exp[— ,uz(l + (L;—Olﬂ)] (2-28)
x>10orx=10: I=1,exp(-2uz) (2-29)

The program simulates the transmission of the original flat wavefront (shown earlier in

figure 2.3) through such a graded-function object via the following calculation:

x<-10orx=-10: ¥, =V, exp(-1z) exp(—- 27’" &) (2-30)
-10<x < 10:
(x+ll)) 2 ( (x+ll))
wo =¥ — | 1 & 2| (2-31
Graded 0 exp( /E( 20 exp }b 20 ( )
47i
x>100orx=10: Y oiea = Yo €xp(—242) exp(—T&) (2-32)

The same values are inserted into the calculations for the variables A, z, & and p as
before. The amplitude and phase of the wavefront immediately after transmission by the

phase object are plotted separately in figure 2.7.
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It is seen from figure 2.7 that the amplitude of the wavefront forms a graded function, as
expected. The phase, however, oscillates across the x-axis as the thickness of the object
increases. This is because the power of the phase exponential in the wavefront

calculation reaches a multiple of -2 three times along the graded function.
Again, by squaring this amplitude, the absorption image of the graded object is

simulated. Figure 2.8 shows the absorption image of this object to be a simple graded

intensity function.
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Figure 2.8: Simulated intensity of absorption image of graded function object

The transmitted wavefront is propagated in the same way as before, and the sum of all
propagated intensities is taken at every pixel of the detector via equation 2-23. The

simulated final image of the graded function, after propagation, is shown in figure 2.9.
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Figure 2.9: Final intensity map of propagation image of graded function object

It is seen in figure 2.9 that the propagation image of an object with a more graded
function does not display the strong peak and trough seen in the image of the step
function phase object. The gradual increase in thickness across the object does not bring
about the sharp phase contrast feature of a step function, as seen earlier in figure 2.6.
Rather, the oscillating phase component makes the slope less smooth, with ‘noisy’
flatter sections on each side of the slope, representing the sections of constant thickness
within the object. The absorption component contributes to the overall shape of the final
image, with a longer, shallower slope due to the gradual change in absorption across the

graded section of the object.

These simulations give an idea of the propagation images obtained for a step function
object providing a steep phase gradient, and a graded function object providing several
shallower phase gradients. The phase effects are not easily discernible in a graded

function object, while the steep phase gradient of a step function object provides an
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ideal phase object with a strong peak and trough in the final image intensity map. Most
of the experiments in this project will make use of an object approximating to the step
function sample simulated in this chapter, so the simulation work shows the type of

image that can be expected.
It is necessary to note here that these simulations cannot be applied to propagation

distances of more than the Rayleigh length: that would require a Fourier treatment

because the detector would then lie in the Fraunhofer regime.
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3. In-line set-up

This project used an in-line set-up for phase contrast imaging, as discussed in chapter 1.
This set-up comprised simply of an X-ray source, sample and detector, as shown in

figure 3.1.

|

] + Source

Detector Sample

Figure 3.1: Schematic diagram of in-line set-up
This chapter discusses each of these aspects of the set-up.

The source used for the duration of this project was a Bede Microsource®, a laboratory-
based microfocus X-ray source, with rhodium and copper targets in place. An obvious
and important first step for the project was to look at the source and to examine the

spectra and beam characteristics with each target in place.

All aspects of the data acquisition method are important in a project such as this. An
important issue to address early on was how to compare phase contrast as aspects of the
imaging system were gradually changed. The vast majority of published work in this
field discusses phase contrast qualitatively, by comparing images side by side (e.g. [1]).
One approach to quantification of phase contrast has been to grade images according to
the visibility of particular details, and to compare the numerical scores [2]. Another
approach has been to apply a common fringe visibility function to the line profile across
the image of a boundary [3, 4, 5, 6, 7]. This is the method favoured for this project, but
it is actually taken further such that the absorption contrast is quantified and the
absorption effects are eliminated by the phase contrast calculation. This is important

since most objects exhibit some absorption effects.

The influence of noise on the images is considered, by looking at the dark background

of the detector, checking for a bias, and quantifying the improvement to the noise levels
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when integrating images over increasing numbers of frames and taking thicker line
profiles for calculation of image contrast. A suitable method for error measurement is
also discussed. These steps are important in setting up a system, because noise effects
must be minimised and potential errors quantified in a project which relies

predominantly on image analysis.

The repeatability of the system is considered by taking consecutive images of a sample,
with all settings remaining consistent, and comparing these using the quantitative
method developed for this project. This is done with each target in place in turn. This is
an important step because it is necessary to verify that any changes seen between images
during this project are due to the factor under investigation at the time and not due to

random fluctuations in the system.

Finally, a mount has been designed and made for the purpose of this project, which
prevents movement or vibration while samples are imaged. This is outlined later on in

this chapter.

3.1 Bede Microsource®

This project made use of a Bede Microsource® [8,9]. This is a compact, laboratory-based
microfocus X-ray source which provides a high-intensity X-ray beam with a small size
(of the order of tens of micrometres), at a low operating power of up to 80W. Thus the
source produces X-rays of high brilliance (defined as the flux per unit area of source per

unit solid angle).

3.1.1 X-ray production method
The microfocus X-ray source produces X-rays by directing an electron beam onto a
metal target. The electron beam is positioned, shaped and focused onto the target by

magnetic coils, using the same principle as a scanning electron microscope.

The X-ray generator comprises a sealed, evacuated X-ray tube. This houses an electron

gun, provided by a dispenser cathode. As the electrons travel along the X-ray tube, they
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are focused down to a line focus by a magnetic electron lens. They are aligned using an
electron mask with a small aperture, and the stigmation of the beam is controlled by a
quadropole magnet. The electron beam is ultimately focused onto a target of metal foil,
which is usually copper, molybdenum or rhodium. The electron beam can be deflected
over the surface area of the target, which is a useful property for maximising the lifetime
of the target and avoiding areas sustaining target damage. All of these properties are
controlled electronically by the operator. The target is cooled by a continuous jet of
water directed onto the opposite side to that bombarded by the electron beam. The tube
exit window is composed of beryllium. A diagram of the X-ray production method is

shown in figure 3.2.

Anode
/ Magnetic lens
D W}ter jet
Cathode N Target

N\ I;, Stigmator/

Centring  peflector

coils X-rays

Figure 3.2: Diagram of Microsource® X-ray production method
g P!

The resulting X-ray beam produced may be varied, using the electronic and magnetic
controls mentioned above, between a spot of small diameter and a line of narrow width.

For the majority of work on this project, the X-ray beam size was kept to a minimum.

3.1.2 Copper and rhodium targets
This project made use of copper and rhodium targets. Copper X-rays are the softer of the
two, with a characteristic K, energy of 8.048 keV and Ky energy of 8.905 keV. The

copper spectrum emitted for an excitation voltage of 40kV is shown in figure 3.3.
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Copper microsource spectrum
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Figure 3.3: Microsource® X-ray spectrum with copper target.

With the copper target in place, the source was run at a voltage of 40kV and a current of
0.05mA (unless otherwise stated). These settings allowed a minimum source size of
12pm width x 17pm height. By analysing the area under the spectrum in figure 3.3, the
dominance of the K, line over the Bremsstrahlung could be calculated. The K-to-

Bremsstrahlung ratio for the copper target at the above setting is 1.60.
Rhodium X-rays are harder, with a characteristic Ky energy of 20.216 keV and Kg

energy of 22.723 keV. The rhodium spectrum emitted at 50kV and 0.05mA is shown in
figure 3.4.
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Rhodium microsource spectrum
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Figure 3.4: Microsource® X-ray spectrum with rhodium target

With the rhodium target in place, the source was run at a voltage of S0kV and a current
of 0.05mA (unless otherwise stated) because a higher operating voltage is required in
order to excite the harder K, line to a significant intensity. This allowed a minimum spot
size of 19um width x 18um height. Bremsstrahlung radiation is much stronger here,

with a Kq-to-Bremsstrahlung ratio of just 0.25 at the above settings.

3.2 Data acquisition

Given that this project investigated the phase contrast content of X-ray images, the
results of the experimental work relied heavily on image analysis. So it was important to
ascertain that the images acquired for the purpose of this project were of a high standard
and were suitable for the individual analyses. To this end a variety of detection methods
were utilised, and the contributions of noise were investigated. In addition, a method for

quantifying the phase contrast content of the images is discussed.
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3.2.1 Detection methods

The Microsource® spectra were recorded using an Amptek X-ray detector, which counts
incident X-ray photons of all energies. This was connected to a computer running Ortec
Maestro-32 spectral analysis software. The system was calibrated using spectra from a
variable X-ray source, building up several characteristic line energies to calibrate the

energy channels in the recorded spectra.

Dental X-ray film is a well-established X-ray image acquisition method: images are
formed by reduction of the emulsion layers on the base film, followed by development.
Intraoral dental X-ray film has a useful detection area of 4lmm x 31mm and occlusal
dental X-ray film has a larger field of view of S0mm x 70mm. Both have a resolution of
25pum. However, the X-ray film required a significant exposure time of 6 minutes in
order to pick up sample details. Film images were recorded digitally using a microscope
and CCD camera, but by focusing on each image individually there were always
inconsistencies in the microscope intensity and focus settings and so the final digital
images were unsuitable for quantitative comparison. X-ray films were used for much of
the image acquisition for the experiments discussed in chapter 6, where qualitative

image comparisons were sufficient for the majority of the experiments.

A more convenient method of image acquisition uses an X-ray CCD camera, which
allows digital image acquisition direct to a computer. The camera used for most of the
image acquisition for this project was a Photonic Science X-ray Eye i2i CCD camera.
Images were acquired directly to a computer running Media Cybernetics image Pro Plus
software. The field of view was 10mm in diameter with a pixel size of 11.6um x
11.2um, and this required an exposure time of 40 seconds. With the camera and
software settings fixed throughout the duration of an experiment, the digital images can
be compared quantitatively. This is particularly important for the quantitative analysis of

images as discussed in Chapters 4 and 5.
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3.2.2 Quantification of phase contrast

Much of the work reported in the X-ray phase-contrast imaging literature relies on
qualitative comparisons between absorption and phase contrast images of the same
objects. This is a logical and useful way of highlighting the differences between images
acquired by the two methods. However, in order to investigate fully the influence of a
factor on the phase contrast content of images, it is required that a quantitative
comparison is drawn between many images. To this end, all experiments for this project
requiring a quantitative analysis were conducted using a sample approximating to a
Heaviside function [11]. This was achieved by overlapping two or more layers of a
material and using the boundary between the single layer and the multiple layer as the

sample, as shown in figure 3.5.
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Figure 3.5: Sample approximating to a Heaviside function

In figure 3.5, ¢ represents the thickness of the material, thus in this example the

Heaviside-like function is the following:

z=t x<0

3-1
z=2t x>0 -

This sample was placed in the X-ray beam such that the z-axis was in the direction of
propagation of the X-rays. Figure 3.6 shows a typical phase contrast image achieved

using a Heaviside function sample, together with its intensity profile in figure 3.7.
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The intensity is fairly constant where the X-rays have passed through the sections of
material of uniform thickness. The peak and trough suggest the ‘creation’ and
‘destruction’ respectively of photons in the parts of the image adjacent to the boundary.
Since photons cannot simply be ‘created’ in these circumstances, the peak and trough
actually show where some of the X-rays have been refracted from one side of the

boundary to the other, and so phase contrast is present in the image.
For the purpose of quantification of the phase contrast recorded by each image, the

maximum and minimum intensities are read off the image line profile as shown in figure

3.8:

Intensity
A

X
—>

Figure 3.8: Intensity profile across a typical phase-contrast image of a sample approximating to a

Heaviside function

In order to make use of this image for quantitative analysis of the phase contrast, a

standard fringe visibility function is used. This is given by:

1. — 1.
C - max min 3_2 ]2
7 a7 (3-2) [12]

max min

The fringe visibility equation has been used in a similar fashion with in-line phase
contrast images produced using synchrotron X-rays [3, 4, 5], diffraction enhanced

images produced using synchrotron X-rays [3], phase sensitive images produced using
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an interferometer with synchrotron X-rays [6], and with phase contrast images produced

using neutrons [7].
In reality, the image will show some absorption contrast due to the abrupt change in

thickness across the sample, as shown in figure 3.9, and so the absorption contrast must

be taken into account when calculating the phase contrast.

lnteﬁsity

—» X

Figure 3.9: Intensity profile across a typical phase-contrast image of a sample approximating to a

Heaviside function, including some absorption contrast

The absorption maximum and minimum intensities are determined by taking the average
value along the section of higher intensity and the average value along the section of
lower intensity respectively. Again, Amax and Api, are inserted into the visibility
function (equation 3-2) in order to determine the level of absorption contrast present in

the image.

With absorption contrast present in the image, applying the visibility function (equation
3-2) to the maximum and minimum intensities Ina and Imin, Will extract both the phase
and absorption components of the image. Thus the absorption property of the sample
will distort the phase visibility when calculated as described above. In order to extract
only the phase component, an adjustment is required before applying the visibility

function. This adjustment is determined by considering the effect of a sample of uniform
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thickness, with a change in phase factor halfway across it. This would produce an image
with the phase effect but not the absorption effect. The side of the image in figure 3.9
with the higher intensity represents the thinner section of the sample. In order to remove
the absorption component from the image and adjust it correctly to show only the phase
factor, the thicker (lower intensity) section must be ‘thinned’, to the same absorption
level as the thinner section. This is done by determining the difference in intensity

between the higher and lower intensity sections, as follows:

(3-3)

Absorption= A, — A,
This difference is then added to the minimum intensity of the phase component, I, in
order to increase it to the intensity level it would reach if there were no change in

absorption across the sample. The modified phase visibility function is now given by:

Imax - (Imin + (Amax B Amin ))
+1min + (Amax - Amin )

PhaseContrast = (3-4)

max

Using these visibility methods, a pure phase contrast value and an absorption contrast
value were assigned to each image, allowing many images to be compared in a graphical
format. This quantification of image contrast was particularly important for displaying
the changing phase contrast achieved as an individual factor in the imaging process was

gradually changed.

3.2.3 Noise contributions and errors

While digital image acquisition was the most convenient method of acquiring the phase-
contrast images, there were some issues which needed to be taken into consideration
when analysing the images. The camera itself provided some small additional intensity
due to electrons permanently trapped in the potential wells which form the pixels, and
noise in the electronics. In addition, the length of time over which the camera was
exposed was important, as was the line profile used for phase contrast quantification.

These factors were taken into consideration as discussed here.
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3.2.3.1 Dark background

An X-ray camera makes an unwanted contribution to the images which must be taken
into consideration. The act of applying a voltage to the camera allows some electrons to
rest in the pixels, forming a bias. The bias remains constant regardless of the exposure
time. In addition, during exposure, a number of electrons are randomly forced down the
potential wells of the detector without the help of X-ray photons. These provide a dark
background and build up during the exposure. Both of these effects will contribute to the
intensity variation of the image. By recording an image without any X-rays incident on

the camera, a ‘dark’ background can be determined.

In this way, a dark background of the X-ray camera was accumulated over 256 frames
and averaged. The intensity profile across this image showed the level of the camera’s

contribution to a given image. This intensity profile is shown in figure 3.10.

intensity profile of X-ray camera dark background
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Figure 3.10: Intensity profile of X-ray camera dark background

The dark background had a mean intensity level of ~36 counts, with peaks reaching a
maximum of 38 counts. The ‘step’ in intensity at approximately 550 pixels may be due

to a non-uniform thickness of the exclusion layer: the material to the right of the step
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may be thinner than that to the left. This background intensity contribution would
become significant for very low-intensity exposures and needs to be subtracted from the

final images.

In order to determine the levels of bias and dark background, a number of images were
accumulated without exposing the camera to X-rays. The images were accumulated over
1 frame, 2, 3, 4, 5 and 6 frames. The mean intensity of each dark background was

calculated and plotted against the number of frames, as shown in figure 3.11:
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Figure 3.11: Variation of the mean dark background intensity with the number of frames accumulated

Figure 3.11 shows a linear relationship between the mean dark background intensity and
the exposure time. An extrapolated line of ‘best-fit’ for this data intercepts with the y-
axis at -0.45. An intercept so close to zero indicates that the bias is negligible for this

detector.
In order to control the dark background accumulation, any images accumulated over

many frames must then be averaged over that same number of frames. To check this,

images were accumulated and averaged over 1 frame, 10, 50, 100, 150, 200 and 256
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frames, and again the mean intensities were calculated and plotted against the number of

frames. These results are shown in figure 3.12:
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Figure 3.12: Variation of the mean dark background intensity with the number of frames averaged

Figure 3.12 illustrates that the dark background remained constant when images were
accumulated and averaged over many frames. Thus the dark background could be
controlled by averaging over many exposures if one frame did not provide a sufficient

exposure time.

3.2.3.2 Reduction of noise contribution

The use of digital image acquisition methods introduces a certain amount of noise to the
captured images. As discussed above, the dark background of the camera contributes
some unwanted additional intensity to the images and this can be eliminated by
subtracting a dark background from the final images. Other methods for reducing noise

effects include accumulation over many images, and integrating over many line profiles.
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3.2.3.2.1 Reduction of noise due to exposure time

An image resulting from the capture of a single frame can be very unreliable. Factors
including vibration or a temporal dependence of the electron beam in the source can
make the image in one frame slightly different to the next, an effect known as photon
noise. This unreliability can be rectified by accumulating an image ovef a number of
frames and averaging over the same number, giving a smoother image and minimizing
the effects of the environmental factors. It has already been shown in figure 3.12 that

when averaging over many frames the dark background can be controlled.

In order to determine by how much this noise could be reduced, accumulated images
were taken of the edge of a copper sheet of 216um thickness and were integrated over
increasing numbers of frames. The numbers of frames were increased as follows: |
frame, followed by 10, 20, 40, 80, 160 and a maximum of 256. Accumulation and
averaging over 256 frames required a 40-second exposure time. For each image a
horizontal line profile was used to display the intensity variation and these are shown in

figure 3.13.
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Figure 3.13: Intensity profiles of images obtained by accumulation over increasing numbers of frames
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In increasing the number of frames over which the image is recorded, it would be
expected that the photon noise would be reduced (from the noise level of the single-
frame image) by a factor equal to the square root of the number of frames [13]. So an
increase in exposure from a single frame to 256 frames should bring with it a reduction
in the photon noise of a factor of V256, or 16. This is clearly not the case for the X-ray
Eye and so this may suggest the presence of some additional noise in the electronics of

the receptor.

The noise in figures 4.13 and 4.14 does reach a plateau, with a coefficient of variation of
just 0.2% for both Imax and lnin when exposed over 256 frames. This level of noise

would only affect images significantly where there is a very low photon count.

3.2.3.2.2 Reduction of noise by intensity profile integration

Many of the results obtained during this project are based on calculations from line
profiles of the images. Thus it is important to ensure that these line profiles are an
accurate representation of the intensity variation. If a line of one pixel width is drawn
across an image and the intensity along this line is viewed, regions of constant intensity
are again seen to be very noisy with significant deviation from the applicable mean
intensity. In order to reduce this noisy effect and smooth the regions of constant
intensity, a ‘thick’ line profile can be used, which integrates over many line profiles of

single-pixel width.

In order to determine by how much the noise could be reduced by this method, a 256-
frame image of a standard Heaviside function sample was acquired and line profiles of
increasing widths were compared for this image. The widths of the line profiles were as
follows: 1 pixel, followed by 10, 20, 40, 80, 160, 320 and 500. These line profiles are

shown in figure 3.15.
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Figure 3.15: Intensity profiles of an image, integrated over increasing numbers of pixels
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3.2.3.3 Analysis of error on phase contrast calculations

It is necessary, of course, to estimate the errors in the phase contrast calculations. In
order to do this, the pixels adjacent to those containing I & Imin (Phase) are taken into
consideration. When reading off the maximum intensity, the intensities of the two
adjacent pixels are checked, and that which is closer to Inax is recorded as the lower
bound on Ina. In the same way, when reading off the minimum intensity, the intensities
of the two adjacent pixels are checked, and that which is closer to I, is recorded as the

upper bound on Iyin. This is illustrated in figure 3.17.

Intensity

Figure 3.17: Intensity profile across phase-contrast image of sample approximating to a Heaviside

function. Data points illustrate the determination of error on I, & Iiin.

The absolute errors are then given by:

Error(1 ) = {1y = T (3-5)

Error(1,,,) = i'[,wm "~y

(3-6)

So for a peak and trough which are sharp and narrow, the error is larger than for a peak

and trough which are shallow and broadened out.

In addition to the error on the phase-contrast component of the image, the error on the

absorption contrast must also be determined. Because the maximum and minimum
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intensities in the absorption regime are determined by calculating the mean intensity
value from the upper and lower flat sections of the intensity profile, a standard error is
introduced. Here, the calculated mean becomes more accurate as more data points are

used in the calculation, leading to the following definition of the error:

G (1)

JN

Error(AMax) = (3-7)

Oy
Error(A,,,) = (3-8)

N

Where o is the standard deviation from the mean for the dataset and N is the number of

data points over which the mean has been calculated.

In order to calculate the error on the pure phase contrast measurement, these absolute

errors are incorporated into the common error combination rules as follows:

Error[IMax - (]Min + (Amax - Amin ))] =

\/(Error(l,wm )’ +(Error(1,,))’ +(Error(4,,,))" +(Error(4,,,))’ (3-9)

Error[[/wa.r + (lMin + (Amax - Amin ))] =

\/(Error(lmx )’ +(Error(1,,))’ +(Error(4,,,))" +(Error(4,,,))* (3-10)

-, +4_—A_
Error( [Mur ([Mm ( max min ))] —
IMar + IMin + (Amax - Amin )

Max

Error(]ltﬂlar - (IMin + (Amax - Amin ’ + Error(]l\rlux + (IMin + (Amax B Amin )) 2
- IMin + (Amax - Amin ) ] + IMin + (Amﬂx - Amin )

1 Max

(3-11)
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3.3 Sample mount

The samples take the form of planar, rectangular shapes. These are required to be fixed
such that they are held vertically in the x-y plane, perpendicular to the direction of
propagation of the X-rays. A mount was designed for this purpose, and a diagram of the

design is shown in figure 3.20.

Front view Side view
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Figure 3.20: Schematic of sample mount design

The mount consists of two narrow rectangular frames made from transparent acrylic.
Both frames have a hole tapped in each corner of the rectangular outline which allows
them to be screwed together. An adhesive foam lines the rectangular outline on one side
of each frame, and the two frames are screwed together such that the foam linings come
together in the centre. This allows the mount to grip the sample securely at the edges
without squashing or harming it. One frame extends below the rectangular outline and is
screwed to an optical rail which runs between the source and detector, preventing the

sample from moving or vibrating.
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4. Factors influencing phase contrast

This chapter discusses a number of experiments designed to investigate the influence of
certain factors on the achievable phase contrast in images obtained using a laboratory-
based microfocus X-ray source with the in-line method. These factors include the
position of the sample, the source size, the monochromaticity of the X-ray source and

the thickness of the detail within the sample.

It is an important first step to determine the optimum positioning within any imaging
system. The effect of propagation distance on phase contrast features in a number of
published articles. The results analyses tend to take one of two forms: either a
qualitative discussion of the image detail (e.g. discussion of images of polystyrene foam
taken with propagation distances of lcm, 12cm, 22cm and 91cm [1]), or a slightly more
in-depth analysis which looks at the image profiles (e.g. discussion of intensity profiles
of phase contrast images of a cellulose fibre, taken with propagation distances of 25cm,
50cm, 1m and 2m [2]). The approach taken in this project is new in two respects. Firstly,
the propagation distance is changed by only a few millimetres at a time, building up a
more comprehensive picture of the relationship between phase contrast and propagation
distance. Secondly, by quantifying the phase contrast as described in Chapter 3, this
relationship will actually be plotted on a chart, so the dependence of phase contrast on
propagation distance can be mapped out all the way along the optic axis. The results of
this work are important because they build up a more comprehensive picture of the
effect of propagation distance on phase contrast than has already been seen, and, more
locally to this project, optimizing the propagation distance is obviously a vital first step
to take when setting up an imaging system to record phase contrast using the

propagation technique.

The theoretical effect of source size on phase contrast has been discussed in published
literature, in that the transverse coherence has a dependency on source size [3], and
image simulations have made use of this dependency [3]. Again, the approach taken in

this project is new because the source dimensions are increased in small steps of the
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order of microns, and the relationship between phase contrast and source size can be
mapped out quantitatively in a graphical format. The effect of source size on phase
contrast is important in any phase contrast imaging system, particularly where a balance
needs to be found between the power loading per unit area on the target (which becomes

greater as the source size is decreased) and the achievable phase contrast.

The claim that monochromatic X-radiation is best for phase contrast imaging has been
repeated in many articles, usually followed by a discussion of a phase contrast image
taken using monochromatic synchrotron radiation (examples include [2] and [4]).
However Wilkins et al demonstrated that phase contrast is achievable with a
polychromatic laboratory-based X-ray source [3]. It would be interesting to be able to
directly compare images achieved using a polychromatic laboratory-based source, with
images achieved using monochromatic X-rays from the same source. This comparison
hasn’t been seen, and this project attempts to make this comparison using an indicative
image manipulation method and also via a filter method of partial monochromation.
Since laboratory-based sources which are suitable for phase contrast imaging are so
difficult to monochromate perfectly while retaining sufficient intensity levels, it is

important to address this supposed need for monochromatic X-rays.

In phase contrast imaging to date, sample sizes have generally remained fairly small,
varying typically from the order of 10 pm [5] to 20mm [6]. Experimental determination
of the practical limits on the sample thickness for a given material has not been
discussed in the published literature. This project looks at the relationship between
phase contrast and the thickness of the sample boundary, and looks for a limiting
thickness. It is important to know such limits on any imaging system to avoid obtaining
misleading results, and knowing the relationship between sample thickness and phase

contrast can lead to some form of system calibration.

All of the experiments in this chapter used the basic set-up shown in figure 4.1, with

minor adjustments as described in each relevant section.
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I || ® Source

Detector Sample

Figure 4.1: Basic experimental set-up for in-line method

The sample used in these experiments was the standard Heaviside function [7] sample as
described previously in Chapters 2 and 3. The detector used to obtain the images for all
of these experiments was the Photonic Science X-ray Eye i2i. Both copper and rhodium
targets were used in these experiments to allow some degree of comparison between

images obtained using different X-ray energies.
4.1 Sample position

4.1.1 Issues affected by sample position

The position of the sample affects a number of aspects of the imaging technique:

1. The transverse coherence length changes as the sample moves, according to the
following equation [3]:

a= (4-1)
(o)

where d represents the transverse coherence length, A the wavelength, / the source-
sample distance and o the source size. Thus the transverse coherence length
increases with the source-sample distance with a coefficient of A/c and is dependent
on the target. Consider the change in transverse coherence length for both sources as

the source-sample distance increases. This is shown graphically in figure 4.2.
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Figure 4.3: Illustration of the effect of sample position on the magnification of the system: (a) sample

close to source, (b) sample close to detector.

This is a resolution issue, i.e. if two adjacent fringes representing a given boundary
are not able to spread out in the plane perpendicular to the direction of propagation
sufficiently to be detected by more than one pixel in the detector, this information
will be lost to the image. So as the sample approaches the detector, the reduction in
magnification of the system again becomes a detector resolution issue. The change in

magnification with source-sample distance can be determined using similar triangles.

Dist.

Figure 4.4: Schematic of set-up to illustrate magnification

Referring to figure 4.4, d represents the detector diameter, 4 the height of the sample,

x the source-sample distance and Dist the total distance between the source and the
detector. The magnification is determined in the following way:

d__h

Dist  x

(4-2)
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Magnification = % = Dist 4-3)
x

Thus the magnification is independent of source size or X-ray energy. The

magnification is calculated and is shown graphically in figure 4.5 as a function of the

source-sample distance.
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Figure 4.5: Variation in system magnification as a function of source-sample distance.

The magnification shows a non-linear relationship with the source-sample distance,

and varies in the same way for both the rhodium and copper targets.

3. The effect of source blurring in the system changes with the sample position: this is

reduced as the sample is moved towards the detector. This is illustrated in figure 4.6.
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Figure 4.6: Illustration of effect of sample position on source blurring:

(a) sample close to source, (b) sample close to detector.

It is seen in figure 4.6 that with a short source-sample distance and large sample-
detector distance, the source blurring is much greater than that with a long source-
sample distance and short sample-detector distance. As the object moves between

these two extremes, the source blurring effect is continually changing.

Again, the change in source magnification with source-sample distance can be

determined using similar triangles.

Dist

< >

Figure 4.7: Schematic of set-up to illustrate source blurring

Referring to figure 4.7, d represents the width of the blur in the detector plane, S the
diameter of the source, x the source-sample distance and Dist the total distance
between the source and the detector. The source magnification is determined in the

following way:
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4.1.2 Experiment

The set-up for the sample position experiment is shown in figure 4.9.

I || * Source

Detector §ample

Figure 4.9: Set-up of sample position experiment

The experimental set-up consisted of the source, sample and detector as shown in figure
4.9. The source and detector remained fixed at a distance of 528mm apart. The
Heaviside function sample used in this experiment was made of paper, with an effective
step size of 0.098mm. This was mounted on an automated moveable mount which
allowed smooth movement of the sample between the source and detector while
removing problems associated with the sample being vibrated or moving in the plane
perpendicular to the optic axis. The phase contrast of each image was quantified as

described in chapter 3, using the following formula:

[Mu.r B (IMin + (AMux - AMin )) (4‘6)
1Max + ]Mm + AMax - AMin

Contrast =

The experiment was conducted using rhodium and copper targets. The results obtained
using each target are plotted against the propagation distance, on the same set of axis, in

figure 4.10.
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4.2 Source size

4.2.1 Coherence length

Due to the high degree of spatial coherence required of the X-ray source, it is necessary
to investigate the effect of source size on the phase contrast imaging technique. Again
we refer back to equation 4-1 because the transverse coherence length is related to

source size by the following relation [3}:

a=# (4-1)
g

An inversely proportional relationship between transverse coherence length and source
size implies that ideally a point source would give the best results. However, in reality
this is not a possibility and so it is necessary to determine the tolerance of the phase

contrast technique to the achievable source sizes.

From equation 4-1, it is seen that the transverse coherence length depends on
wavelength and source-sample distance in addition to the source size. Thus by keeping
the source, sample and detector fixed, the source-sample distance factor will not affect
the results. With a polychromatic source, there is a range of wavelengths present in the
X-ray beam which leads to a range of coherence lengths. By keeping the operating
voltage and current settings of the microfocus X-ray source constant, these wavelengths
will make a fixed contribution to the transverse coherence length throughout the

experiment and thus should not affect the results.

In order to alter the source size without making a difference to the spectrum, the source
is first focused down to its smallest size and is gradually defocused to spread it out while
keeping the power output fixed. The focus values available on the Microsource® are

unitless integers, ranging from -99 to +99.
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4.2.3 Effect on phase contrast
The main source size experiment was set up as shown in figure 4.14. The same paper

sample was used as before.

o |l 4 Source

Detector Sample

Figure 4.14: Set up of source size experiment

The source, sample and detector remained fixed in position with a source-sample
distance of 134mm and a sample-detector distance of 394mm. The X-ray source
operating voltage and current settings remained constant at the values stated in Chapter

3. The source size was altered by defocusing.

The first image was taken with the focus at its lower bound (for copper, imaging began
with a focus value of 66, for rhodium, imaging began with a focus value of 70), and this
was gradually increased by intervals of 0.5. There is some hysteresis present in the focus
coils of the source, and so the focus was changed in the same direction for each set of
data collected (i.e. each set of data began with the focus at its lowest value and this was
increased to its highest value). The sample was imaged at each focus value with the
boundary between the thin and thick layers set vertically (as demonstrated in figure
4.15(a)). Then the focus was returned to its lowest value and the sample was rotated
through 90° and imaged at each focus value with the boundary between the thinner and

thicker layers set horizontally (as demonstrated in figure 4.15(b)).

Thin layer Thick layer Thin layer

Thick layer

@ (b)

Figure 4.15: (a) Sample arranged with vertical boundary; (b) Sample arranged with horizontal boundary.
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indicates that the phase contrast of the horizontal boundary is not affected as
strongly by the width of the source as by the height, and consequently is less
strongly affected by the horizontal transverse coherence length which runs in a

parallel direction to it, as by the perpendicular vertical transverse coherence.

« The phase contrast of the vertical boundary shows very strong correlation with the
source width. A comparison between figures 4.17 and 4.18 shows that the phase
contrast of the vertical boundary is affected much more strongly by the source width

than the source height.

The correlations of the phase contrast of each boundary with the effective radius, height

and width of the source, and their respective reciprocals, are shown in table 4.1.

Correlation coefficient of phase
contrast

with source dimensions

Horizontal boundary | Vertical boundary
Source effective radius -0.804 -0.968
Reciprocal effective radius 0.940 0.829
Source height -0.887 -0.895
Reciprocal source height 0.974 0.701
Source width -0.692 -0.990
Reciprocal source width 0.747 0.914

Table 4.1: Correlation coefficient of phase contrast with source dimensions and their reciprocals

(copper source).

For all three dimensions, the phase contrast of the horizontal boundary shows better
correlation with the reciprocal of the dimension (and hence the transverse coherence),
than with the dimension itself. This shows that the phase contrast of the horizontal
boundary varies directly with the transverse coherence. Furthermore, the correlation
with the reciprocal of the source height (and hence the transverse coherence in the

vertical direction) is far stronger than that with the reciprocal of the source width. Thus
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strongly affected by the horizontal transverse coherence length which runs in a

parallel direction to it.

« The phase contrast of the vertical boundary displays some correlation with the
source width, but may follow a reciprocal width plot. It is not immediately clear
whether the phase contrast of the vertical boundary is affected by the source width or

the horizontal transverse coherence.

The correlations of the phase contrast of each boundary with the effective radius, height

and width of the source, and their respective reciprocals, are shown in table 4.2.

Correlation coefficient of phase contrast
with source dimensions

Horizontal boundary | Vertical boundary
Source effective radius -0.692 -0.691
Reciprocal effective radius 0.850 0.594
Source height -0.734 -0.654
Reciprocal source height 0913 0.530
Source width -0.547 -0.731
Reciprocal source width 0.615 0.676

Table 4.2: Correlation coefficient of phase contrast with source dimensions and their reciprocals

(rhodium source).

The correlation figures in Table 4.2 show weaker correlation overall than those in Table
4.1: this simply reflects the fact that the rhodium results are more scattered than the
copper results. As before, for all three dimensions, the phase contrast of the horizontal
boundary shows better correlation with the reciprocal of the dimension (and hence the
transverse coherence), than with the dimension itself. This suggests that the phase
contrast of the horizontal boundary varies directly with the transverse coherence.
Furthermore, the correlation with the reciprocal of the source height (and hence the

transverse coherence in the vertical direction) is very much stronger than that with the
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reciprocal of the source width. Thus the transverse coherence in the vertical direction,

i.e. perpendicular to the boundary itself, dominates the result.

The phase contrast of the vertical boundary actually shows slightly stronger correlation
with the dimensions themselves than with their respective reciprocals. The phase
contrast shows stronger correlation with the source width than with the source height,
and also shows stronger correlation with the reciprocal of the source width than with the

reciprocal of the source height. Thus the width of the source dominates the result.

The phase contrast in the images of the horizontal boundary has shown strong
correlation with the vertical coherence length, demonstrating the importance of the
perpendicular coherence length in propagation phase contrast imaging. The images of
the vertical boundary have not shown the equivalent dependence on the horizontal
coherence length quite as markedly, although the copper results do suggest that this
dependence could be in place. The lesser effect for the vertical boundary is likely to be
due to the way in which the x-ray beam is projected by the source. As the source is de-
focused, the projection becomes more elliptical, spreading in the vertical direction.
However, the change in the horizontal projection is minimal, particularly for the
rhodium source. The increasing source width measured by the cross-wire method is
likely to be an over-calculation of the actual range, due to distortion caused by the huge
increase in the beam height. The apparently linear dependence of the vertical boundary
phase contrast on the rhodium source width more likely represents the change over a
much smaller range of widths. This range is small enough that the section of the
coherence length curve is short enough to appear linear. Thus the plots of the phase
contrast of the vertical boundary against the source width, more particularly for the
rhodium target, perhaps tell us more about the gradient of a tangent to the curve over a

narrower range of source widths around the value of the smallest width measured.
The results for both copper and rhodium targets demonstrate the importance of source

size, and consequently spatial coherence, in phase contrast imaging. From this work we

can conclude that with fixed wavelength range and source-sample distance, it is the
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source dimension in the direction perpendicular to a given boundary in a sample, which
dominates the image contrast at that boundary. To illustrate: with the sample oriented
such that the boundary between the thin and thick sections is horizontal (as in figure
4.15(b)), the vertical dimension of the source dominates the image contrast, and vice

versa.

4.3 Monochromaticity

A great deal of work on phase-contrast imaging has been performed using
monochromatic synchrotron radiation. The output of a synchrotron beam comprises high
intensities across a wide range of wavelengths, so phase contrast imaging with a
polychromatic synchrotron beam will provide images with smeared-out phase contrast
effects due to the differing behaviour of the wavelengths on transmission through a
sample. Thus monochromatic synchrotron radiation is commonly used for phase-

contrast imaging purposes.

Realistically, however, synchrotron radiation cannot be used for the majority of planned
applications of phase-contrast imaging. For example, for possible in-vivo medical
diagnostic applications, hospitals would need to have a synchrotron source on-site or
would have to send patients away to their closest synchrotron source. Neither of these
options is either practical or cost-effective, although the latter option is possible for
patients living in Stanford, Hamburg or Grenoble! Further development of phase
contrast imaging techniques for practical application ultimately depends on the
suitability of laboratory X-ray sources. In practice, perfectly monochromatic X-ray
radiation such as that obtained at synchrotron sources is not achievable for a laboratory-
based microfocus X-ray source. It is therefore useful to determine whether a laboratory
X-ray source can provide good phase contrast images with its natural polychromatic

spectrum, and also when using methods available for partial monochromation.

All experiments in this project, other than this monochromaticity investigation, use the

source’s natural, polychromatic spectrum. This has produced images with sufficient
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By plotting the calculated pseudo-spectra logarithmically in figure 4.23, a difference in
Bremsstrahlung intensity is seen, while the K, and Kp peaks remain largely unaffected.
This difference in Bremsstrahlung intensity is sufficient to alter the ratio of the K
radiation to the Bremsstrahlung radiation, thus each calculated spectrum represents
partial monochromation to a different extent. This K,/Bremsstrahlung ratio is
determined by summing the area under the K, characteristic line and dividing it by the

total area under the lower-energy Bremsstrahlung section, ie:

Area(K )
Area(Bremsstrahlung)

K, | Bremsstrahlung = (4-10)

The Ko/Bremsstrahlung ratios for all recorded and calculated copper spectra are shown

in Table 4.3.

Operating voltage/calculation K./Bremsstrahlung Ratio

15kV 1.011

20kV 1.107

25kV 1.250

30kV 1.343

35kV 1.420

40kV 1.603
40kV-(0.5*15kV) 1.634

40kV - (0.75 x 15kV) 1.650
40kV - (0.9 x 15kV) 1.660

Table 4.3: K,/Bremsstrahlung Ratio for each copper spectrum
As Table 4.3 shows, the copper K,/Bremsstrahlung Ratio of the spectra increases with

the operating voltage, and by subtracting fractions of the 15kV spectrum from the 40kV

spectrum, this ratio is increased further.
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As Table 4.4 shows, the rhodium K./Bremsstrahlung Ratio is varied by subtracting
fractions of the 25kV spectrum from the S0kV spectrum. The Ko/Bremsstrahlung Ratios
are very poor for all rhodium spectra due to the unavoidably high intensity of the

Bremsstrahlung at all operating voltages.

The phase contrast images of the Heaviside Function sample were subtracted in the
same way as the spectra, and the phase contrast plotted as a function of the
corresponding K,/Bremsstrahlung Ratio. For example, the image taken with the
rhodium source at 25kV was multiplied by 0.5 and then the resulting image was
subtracted from the 50kV image. The phase contrast in the final image was determined

and plotted against a K/Bremsstrahlung Ratio of 0.308 (value taken from Table 4.4).

4.3.2 Effect of operating voltage and image manipulation on phase contrast

The system was set up as shown in figure 4.26. At this point in the project the paper
sample was replaced with a mylar sample. This consisted of a step size of 0.269mm. The
main reason for the change of material was that the use of a mylar sample would allow
some modelling of the system to be done because the physical properties of mylar (for
example, refractive index and absorption coefficient) are well-documented, unlike those
of paper. In addition, the grain size can vary slightly across a sheet of paper, while mylar

sheets have a uniform thickness which is more appropriate for this work.

I l{ ® Source

Detector Sample

Figure 4.26: Set-up of image manipulation experiment

The source, sample and detector remained fixed in position throughout this experiment.
As the operating voltage was changed, the focus was reduced in order to keep the source

to its smallest possible size.
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Using the copper target, images were taken of the Heaviside Function sample at
operating voltages of 15kV, 20kV, 25kV, 30kV, 35kV and 40kV. The phase contrast
was determined for each of these images and these results are plotted as a function of the
corresponding K,/Bremsstrahlung Ratio, shown in figure 4.27. Additional images were
created by the image subtractions described in section 4.3.1. The phase contrast of these
is plotted as a function of the corresponding K./Bremsstrahlung Ratio. The image
manipulation method changes the spectra in a different way to the increasing operating

voltage method, so these results are plotted separately in figure 4.28.
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Figure 4.27: Phase contrast plotted as a function of K,/Bremsstrahlung Ratio with increasing operating
voltage for copper target

In figure 4.27 we see that the phase contrast shows a linear relationship with the

Ko/Bremsstrahlung Ratio as the operating voltage is increased. Thus the phase contrast

is proportional to the Kq/Bremsstrahlung Ratio. This demonstrates that phase contrast

improves as the K, line becomes more dominant, i.e. as the beam becomes more

monochromatic.
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Phase contrast with image manipulation - copper
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Figure 4.28: Phase contrast plotted as a function of K,/Bremsstrahlung Ratio with image manipulation
using copper target

In figure 4.28 we see that the phase contrast increases as the pseudo-K,/Bremsstrahlung
Ratio increases due to the image manipulation method. This part of the experiment is
rather different to the operating voltage increase, and so the results will not necessarily
paint the same picture. Because the manipulated images are the results of pseudo-spectra
rather than actual spectra, no further analysis is done on the relationship between the
phase contrast and the K,/Bremsstrahlung Ratio in figure 4.28, other than to note the
obvious increase in phase contrast with Ko/Bremsstrahlung Ratio. However this limited
result does further demonstrate that the phase contrast is improved as the K line
becomes more dominant and supports the previous observation that better phase contrast

is achieved using a more monochromatic source.

Using the rhodium target, images were taken of the Heaviside Function sample at
operating voltages of 20kV, 25kV, 30kV, 35kV, 40kV, 45kV and 50kV. The phase
contrast was determined for each of these images and these results are plotted as a
function of the corresponding K./Bremsstrahlung Ratio, in figure 4.29. Additional

images were created by the image subtractions described in section 4.3.1. The phase
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contrast of these is plotted as a function of the corresponding K,/Bremsstrahlung Ratio,

separately, in figure 4.30.
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Figure 4.29: Phase contrast plotted as a function of K,/Bremsstrahlung Ratio with increasing operating
voltage for rhodium target

Again, the phase contrast shows a linear relationship with the Ko/Bremsstrahlung Ratio
as the operating voltage is increased. Thus the phase contrast is proportional to the
Kq/Bremsstrahlung Ratio, leading to the conclusion that better phase contrast is
achieved using X-rays with a more dominant K, line, hence a more monochromatic

beam.
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Phase contrast with image manipulation - rhodium
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Figure 4.30: Phase contrast plotted as a function of K,/Bremsstrahlung Ratio with image manipulation
using rhodium target

In figure 4.30 we see that the phase contrast increases as the pseudo-Ko/Bremsstrahlung
Ratio increases due to the image manipulation method. Again, because the manipulated
images are the results of pseudo-spectra rather than actual spectra, no further analysis is
done on the relationship between the phase contrast and the K/Bremsstrahlung Ratio in
figure 4.30. However, as before, this limited result does further demonstrate that the
phase contrast improves as the K, line becomes more dominant and supports the theory

that better phase contrast is achieved using a more monochromatic source.

During this experiment, as the operating voltage was increased for both targets, there
was a slight increase in the dimensions of the source and the dominant (average) energy
range in the spectrum increased, both factors which lead to a slight decrease in
transverse coherence length. The phase contrast is seen to increase with operating
voltage (and hence with K./Bremsstrahlung Ratio), so the decrease in transverse
coherence length is not detrimental to the phase contrast in conjunction with the

increasing K,/Bremsstrahlung ratio. Thus a higher ratio of K, intensity to
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Bremsstrahlung intensity appears to provide better phase contrast images. This suggests
that monochromatic radiation is more beneficial to in-line phase contrast imaging than
polychromatic radiation. This is not unexpected, because as the monochromaticity of an
X-ray beam increases, so too does its longitudinal coherence length. This is measured

via the following [8]:

1 A
Al =—2—, (@4-11
VY @-11)

where AA refers to the full-width half-maximum of the spectrum. In the case of
monochromatic synchrotron radiation this is a simple function, but for a laboratory-
based spectrum consisting of characteristic lines and Bremsstrahlung it is not

straightforward.

Obviously the pseudo-spectra and the images resulting from subtraction have been
calculated rather than recorded directly, and so care is taken with these results. If the
pseudo-spectra were achieved in practice, the images taken using these X-rays may not
necessarily be identical to those achieved by subtraction. However they may certainly be
used as an indicator that monochromatic radiation is more beneficial to in-line phase
contrast imaging than polychromatic radiation. Together with the results from the
increase of the operating voltage using both copper and rhodium targets, this is a

reasonable conclusion to draw from this work.

4.3.3 Filter method

A widely-used method for monochromating laboratory X-ray sources involves the use
of filters [9, 10, 11]. K-edge filtering takes advantage of the photoelectric effect,
whereby the X-ray energy incident on a material can knock an electron out of the K- or
L-shell of an atom if it is greater than the binding energy of the shell. The hole created
by the removal of this electron is filled by an electron falling from a higher shell, and
lower energy radiation is emitted which is equal to the difference in energy between the

two shells between which the electron falls. If the material is light (e.g. air), then this

104



radiation is absorbed immediately, resulting in emission of a lower-energy ‘Auger’
electron, and so all of the incident energy is effectively absorbed by the material.
Photoelectric absorption contributes to the overall absorption coefficient of a material,
and the probability of photoelectric absorption occurring is inversely proportional to the
cube of the incident X-ray energy [12]. Overall, as incident X-ray energy increases, the
absorption coefficient decreases, as shown in figure 4.31 for molybdenum. (This figure
is taken from the International Tables for X-ray Crystallography Volume III [13]). At
the binding energy of the material, a discontinuity is seen because below this energy,
electrons are only ejected from the L-shell (i.e. absorption only occurs in the L-shell),
while above this energy electrons can be ejected from the K-shell (i.e. absorption occurs
in the K- and L-shells). This discontinuity in the absorption coefficient takes the form of
a jump to a higher value, and then the decrease continues as the energy increases further.

The discontinuity is called the K-absorption edge.

8000 —
! —
1
6000 ‘,
e \
o \
- !
& v
@ 4000
8 \
c \
8
B \
3 |
L
< \
2000 3
\ A
AN ™~
‘k*x,_ t T I
0 s e
0 10 20 30 40 50
Energy (keV)

Figure 4.31: Variation of molybdenum absorption coefficient with X-ray energy [13]

It is seen in figure 4.31 that the molybdenum absorbs X-rays strongly at low energies,

but absorbs very little at higher energies. Thus a molybdenum foil will absorb X-rays
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K¢ line intensity is only reduced to ~82% of its original value. Thus the method
achieves partial monochromation of the molybdenum X-ray source, and in fact
molybdenum foil is often used for partial monochromation of molybdenum sources in

mammography.

In order to partially monochromate the rhodium source, the effect of a number of
materials on the rhodium source has been modelled, similar to the molybdenum
demonstration above. The model determined that of all the materials which were readily
available, chromium foil is the most effective for partial monochromation of the
rhodium source. The absorption coefficient of chromium, generated by XOP software, is

shown in figure 4.33.

Absorption coefficient of chromium
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Figure 4.33: Variation of chromium absorption coefficient with X-ray energy

It is seen that chromium absorbs strongly in the Bremsstrahlung region of the rhodium
spectrum (OkeV — 20keV) and weakly at the K, energy (20.2keV) and above. By
substituting this absorption coefficient into equation 4-12 over the whole rhodium
spectrum, the theoretical effect of filtering the spectrum by chromium was seen. The

calculations were completed by applying chromium filter thicknesses of 10pum, 20pum,
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Thickness of Cr filter K./Bremsstrahlung Ratio
0 0.327
10pum ' 0.428
20pm 0.485
30pm 0.515
40pm 0.528

Table 4.5: K, /Bremsstrahlung Ratio for spectrum produced with each Cr filter thickness

Although the intensity of the K, line is slightly decreased by the chromium filters, the
significant absorption at the Bremsstrahlung energies causes the K,/Bremsstrahlung
Ratio to increase with the addition of each 10um filter. Thus the filters should succeed

in partially monochromating the rhodium source.

4.3.4 Effect of filter on phase contras!

The experiment is set up as shown in figure 4.35.

I |I * Source
Filters

Detector Sample

Figure 4.35: Set-up of filter experiment

The source, sample and detector remained fixed, and all source settings remained
consistent throughout the experiment. A reference image was taken with the source’s
natural spectrum, and this was repeated with one 10um chromium filter in place, then
two, then three and so on. The phase and absorption contrast was calculated for each

image: these are plotted in figure 4.36.
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The intensity of the X-ray beam cancels both in the numerator and denominator, leaving
only a dependence on the material properties, namely the absorption coefficient p and
the material thickness on either side of the boundary, z; and z,. Thus a simple reduction
in intensity due to the absorption by the filter is not the reason for the reduction in
absorption contrast. Rather, the chromium’s strong absorption of the low-energy
Bremsstrahlung causes a shift in the spectrum’s dominant energy range towards higher
energies. This is similar to an effect called beam hardening, which is the shift in X-ray
energy to higher energies due to absorption by the air within the set-up. In order to
verify the presence of this effect the model spectra are used once more. Each of the
filtered spectra are treated using equation 4-12, using the absorption coefficient of mylar
at each energy channel along the spectrum, together with (a) the thickness of a single
layer of mylar and (b) the thickness of the thicker section of mylar. A weighted average

is taken of each of these as follows:

D1, exp(-ut)

21

(4-15)

Average =

This calculation leads to an average absorption coefficient across each spectrum, as

demonstrated in equation 4-16.

Avg[TI—] =exp(—ut) (4-16)

0

The exponential terms containing the average absorption coefficient with the two

thicknesses are substituted into equation 4-14 as follows:

exp(~it,) ~ exp(~fit,)
exp(~7,) + exp(~Fit,)

Contrast = 4-17)
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The absorption contrast calculated by this method is plotted together with that achieved
during the filtering experiment (shown earlier in figure 4.36). These are shown in figure
4.37.
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Figure 4.37: Theoretical and experimental absorption contrast as a function of chromium filter thickness

We can see in figure 4.37 that the simulation of the absorption contrast due to the ‘beam
hardening’ effect of the chromium filters describes the actual absorption contrast quite
closely. So the shift of the dominant energy to higher values accounts for the loss in
absorption contrast very well. This idea is extended to the phase contrast: a shift in the
dominant energy would affect the transverse coherence length, and as we have seen in

section 4.2, the transverse coherence length is important in phase contrast imaging.

Each of the filtered spectra and the unfiltered spectrum are treated using the following
equation:

he
A=— 4-18

A weighted average is taken of each of these as follows:
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phase contrast of each image is plotted with the effective transverse coherence length

calculated for each filter thickness: these results are shown in figure 4.39.
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Figure 4.39: Phase contrast as a function of effective transverse coherence length

The phase contrast shows a linear, proportional relationship with the effective transverse
coherence length of the source: this is confirmed by the strong, positive correlation
coefficient of 0.94 between the two variables. Thus as the chromium filters shifted the
dominant X-ray energy range to higher energies (and hence the dominant wavelength to
lower values), the consequent reduction in the effective coherence length caused

degradation of the phase contrast.

It has now been seen that the beam hardening effect brought about by the filter method
of monochromation is detrimental to the phase contrast in a propagation image and also
affects the absorption contrast within the image. A further point of interest is that the
images achieved during this experiment showed some additional detail, caused by the
chromium filters. The experiment was repeated using X-ray film in order to accumulate

images over a longer exposure time; these films were viewed using a transmission
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contributed by the filters. Evidently any filters used for phase contrast imaging would

have to be polished to a particularly high standard.

The results of the monochromation experiment using filters are not encouraging,
because beam hardening and filter roughness are detrimental to the phase contrast
images. However, the increasing operating voltage and image manipulation results do
show that a less polychromatic X-ray beam is preferable. Thus, while we have seen that
monochromatic X-ray radiation is advantageous to phase contrast imaging techniques,
the widely-used filter method of monochromation for laboratory-based X-ray sources is

not suitable in this instance.

4.4 Sample thickness

The purpose of this experiment is to determine how the phase contrast changes as the
thickness of the Heaviside sample ‘step’ is increased. This is useful in order to
investigate the possibility of calibrating such a system to determine sample thickness.

The set-up is as shown in figure 4.41 below.

| * Source

Detector Sample

Figure 4.41: Set-up for sample thickness experiment

The source-sample and sample-detector distances were fixed as before. The samples
used for this experiment all took the form of the standard Heaviside function
approximation. They comprised a layer of mylar of thickness 0.051mm, with one or
more smaller layers of mylar fixed over it to form a ‘step’ in thickness which could be
imaged. Six of these samples were used, with a ‘step’ thickness of | layer, 2, 5, 7, 10
and 12 layers of mylar. The sample step sizes were as follows: 0.048mm, 0.104mm,
0.269mm, 0.428mm, 0.584m and 0.792mm. The phase and absorption contrast were
determined using equations 4-6 and 4-13 respectively as described in chapter 3. These

are shown for the copper results in figure 4.42.
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The weighted mean intensity for each side of the boundary was then inserted into
equation 4-13 in order to calculate an overall weighted average absorption contrast over
the spectrum. The calculation was repeated for each sample thickness used in this
experiment. This simulated absorption contrast is shown together with the experimental

absorption contrast in figure 4.43.
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Figure 4.43: Simulated and experimental absorption contrast {copper target)

The experimental and simulated data in figure 4.43 follow close plots which show the

same behaviour with sample step thickness, although they do not quite overlap.

The phase and absorption contrast achieved using the rhodium target is shown in figure
4.44,
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5. Introduction of other materials

As experimental X-ray phase contrast imaging approaches applications in medical
diagnostics [1,2], the influence of water on the phase contrast becomes important.
All in vivo imaging requires the imaging system to have some degree of tolerance to
water due to the inevitable high quantities of water present in most creatures’ bodies.
It is somewhat surprising then that despite a huge number of pathological samples
(as detailed in chapter 1) and even a couple of live specimens [3,4] being used in
phase contrast imaging, no work has been done to directly determine the effect of
water on phase contrast. To this end, an experiment was designed to quantify the
effect on X-ray phase-contrast when water is present in the sample plane. The results
of this work are important because they will determine the system’s tolerance to
water, and hence begin to examine its ability to image pathological and living

specimens.

Likewise, no work has been done to determine the effect of glass on phase contrast.
But to image a glass-mounted pathological specimen, this effect needs to be
investigated. So an experiment was designed to quantify the effect on X-ray phase-
contrast when glass is present in the sample plane. The results of this work are
important because they will demonstrate the system’s tolerance to glass, allowing us

to determine whether glass is a viable mount when imaging pathological specimens.
5.1 Water

5.1.1 Absorption considerations

With the introduction of water to the system, the level of absorption by the water is
important. X-ray intensity after absorption by a material is given by the following
expression [5]:

I=1,exp(-pt)  (5-1)

where I, is the initial intensity of the X-ray source, and x and ¢ are the absorption
coefficient and thickness of the material respectively. Using XOP software created at

the ESRF, the absorption coefficient for water was generated. This is shown
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graphically as a function of X-ray energy in figure 5.1. Here, it is seen that the
absorption coefficient is much greater at the copper K, characteristic energy of 8.048

keV than at the rhodium K, characteristic energy of 20.216 keV.
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Figure 5.1: Absorption coefficient for water as a function of X-ray energy

Using expression (5-1) together with the absorption coefficient of water shown in
figure 5.1, the modified copper spectrum was simulated for the introduction of
different path-lengths of water to the system. The following water path-lengths are
included in the model: 2.996mm, 4.992mm, 7.017mm, 10.011mm and 12.671mm.

The modified copper spectra determined by this model are shown in figure 5.2.
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If an absorption image is taken of the edge of a metal sheet, Amax is the image
intensity of the X-rays which have propagated alongside the sample, while Apiy
results from the X-rays which have propagated through the material. When
considering the introduction of water to the system, both the Apax and Amin terms
contain a factor representing the absorption by water. Substituting these into
equation 5-2 in full, using the expression for transmitted intensity given in equation
5-1 and including possible noise effects (denoted by N), leads to the following

derivation:

C= (Ia exp(_ﬂwtw) + N)— (Io exp(—,uwtw _ﬂsts) + N) (5_4)

(1, exp(~pt,)+ N)+ (I, exp(-p, 1, — p,t,)+ N)

C = XPCat,) — eXpCpt, — #) (5-5)
N
CXP(—H4 )+ EXP(= i fyy = I ) + 27

0

nC= el (5-6)
1+ exp(_ﬂsts) + 2I—exp(ﬂwtw)

0

As equation 5-6 shows, the presence of water should not affect the overall absorption
contrast because the terms involving water cancel in the numerator and denominator.
However if any significant noise results from the image acquisition, this will be
magnified by the presence of water such that absorption contrast decreases as the
path-length of the water increases. So it is critical that noise is kept to a minimum for

this experiment, as discussed in Chapter 3.

5.1.2 Experimental issues

In order to investigate the effect of water on the X-ray phase contrast, a number of
water containers were designed and made. There were two major criteria for these
containers: obviously they needed to be watertight, and they were also required to
have a negligible absorption coefficient at the copper and rhodium characteristic

energies. A schematic of the container design is shown in figure 5.4.
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Figure 5.4: Schematic diagram of water container.

The water container comprised two identical cylindrical aluminium bars screwed
into an aluminium block. A latex sheath was stretched taut over the bars such that it
created a container with a width equal to the diameter of the aluminium bars
(denoted x in figure 5.4). When water was added to the container, the latex walls
remained in place provided they had been stretched sufficiently taut. Five of these
containers were made, with widths of 2.996mm, 4.992mm, 7.017mm, 10.011mm

and 12.671mm (all £0.002mm), identical to the amounts used in the models.

It was important to determine whether the latex walls of the container were able to
influence the X-rays by absorption thus affecting the image contrast. To this end, an
initial check was conducted in which images were taken of the standard Heaviside
function sample with each container in turn in the path of the beam. The phase
contrast values were calculated according to equation 5-3 and the results are shown

in figure 5.5.
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Check on effect of containers on phase contrast
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Figure 5.5: Phase contrast with each container in the path of the X-rays

It is clear from figure 5.5 that the containers did not have a detrimental effect on the

phase contrast so they were suitable for use in the following experiments.

It was also important to make sure that the position of the water along the optic axis

would not influence the results. To this end, images of the same Heaviside function

sample were acquired as a water-filled container of width 2.996mm was positioned

at various intervals along the optic axis. Again, the phase contrast values were

calculated for each of these container positions. The results are shown in figure 5.6.

Phase contrast
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Figure 5.6: Effect of water position on phase contrast.

Omm position represents sample plane
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It is seen that the position of the water does not have a significant effect on the image
contrast except when it is positioned directly in front of the detector. This is not
unexpected because when the water is placed directly in front of the detector,
Compton scattered photons contribute to the image, distorting the phase contrast
information. Provided the water is not placed directly in front of the detector,
keeping in mind the requirement for an air gap [7] between the detector and all

sections of the sample, its position along the optical axis is not overly important.

5.1.3 Effect on phase contrast

The water experiment was set up as follows (figure 5.7):

| M,
R I T Source
Detector Sample Water

Figure 5.7: Set-up of water experiment

The Heaviside function sample was initially imaged without the water in place in
order to provide a reference point against which subsequent images involving water
may be compared. The sample was subsequently imaged with each water-filled
container present in the X-ray beam, showing the effects of 2.996mm, 4.992mm,
7.017mm, 10.011mm and 12.671mm water against the benchmark provided with no
water present in the system. For all normalised images, the phase contrast values

were determined via equation 5-3 as discussed in Chapter 3.

The experiment was conducted using copper X-rays and rhodium X-rays. The

quantified phase contrast results are shown in figure 5.8.
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However, in order to check this, equation 5-6 is modified to represent the effect of
the Heaviside function sample rather than an edge. The modified version is the

following.

C=

exp(—4, 1) — eXP(—ﬂ].;[tz ) (5-7)
exp(_lustl ) + exp(—lust2) +2 I_ exp(luwtw)

0

The thicknesses on each side of the sample boundary were substituted in, where t; =
0.051mm and t, = 0.320mm, and each water path length in turn was substituted in for
tw. At the rhodium K, energy, ps= 0.794503 and p,, = 0.790434. An arbitrary figure
of 1000 was assigned to Ip, and N was varied in order to find the closest fit to the

absorption contrast.

The closest fit of equation 5-7 to the absorption contrast data obtained
experimentally uses a value of less than 0 for N. This fit of equation 5-7 is plotted

with the absorption contrast data in figure 5.11.
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Figure 5.11: Equation 5-7 and absorption contrast plotted against water path length (rhodium source)

From figure 5.11 it is seen that not only is the noise at a negligible level when fitting

equation 5-7 to the absorption contrast, but also the relationship between the
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equation 5-7 fit and the water path length does not match that of the absorption

contrast. So it is concluded that the presence of noise does not govern this result.

The fact that the absorption contrast is decreased on introduction of water to the
system is a clue that absorption of the X-rays by water is causing the loss of phase
contrast. In order to determine whether a beam hardening effect is causing the loss of
phase contrast due to water, the model for this situation is applied to the rhodium
spectra as before in Chapter 4. Each of the filtered spectra are treated using equation
5-1, using the absorption coefficient of mylar at each energy along the spectrum,
together with (a) the thickness of a single layer of mylar (0.051mm) and (b) the
thickness of the thicker section of mylar (0.320mm). A weighted average is taken of

each of these as follows:

z I 0 exp(_ld )

21

Average = (5-8)

This calculation leads to an average absorption coefficient across each spectrum, as

shown in equation 5-9.

Avg(li]%xp(—ﬁt) (59)

o

The exponential terms containing the average absorption coefficient with the two

thicknesses are substituted into the absorption contrast equation as follows:

exp(—ut,) —exp(-ut,)
exp(—7it,) + exp(—7it,)

Contrast =

(5-10)

The absorption contrast calculated by this method is plotted together with that
achieved by the rhodium target during the water experiment (shown earlier in figure

5.10). These are shown in figure 5.12.
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Absorption contrast as a function of water path length
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Figure 5.12: Theoretical and experimental change in absorption contrast with increasing water path
length (Rhodium source)

As figure 5.12 shows, the model of the beam hardening effect for the rhodium source
provides a reasonably good fit to the relationship between sample absorption contrast
and water path length. The shift of the dominant energy to higher values accounts

well for the loss in absorption contrast.
This idea is extended to the phase contrast: it has already been demonstrated in

Chapter 4 that a shift of the dominant energy would affect the coherence length.

Each of the filtered spectra are treated using the following equation:
A=— 5-11
E (5-11)

A weighted average is taken of each of these as follows:

Z (4 x No.Photons)
El)o min ant = (5— 1 2)
Z No.Photons

Using this method, the unfiltered rhodium spectrum has already been seen to have a

mean dominant wavelength of 1.17A, which is longer than the rhodium K,
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Phase contrast as a function of effective transverse coherence
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Figure 5.14: Phase contrast as a function of effective transverse coherence length for rhodium target

The phase contrast shows a linear, proportional rélationship with the effective
transverse coherence length of the system: this is confirmed by the strong, positive
correlation coefficient of 0.99 between the two variables. Thus as the increasing
water path length shifted the dominant X-ray energy range to higher energies (and
hence the dominant wavelength to lower values), the consequent reduction in the

effective transverse coherence length caused degradation of the phase contrast.

The copper results are also considered in the same way. The copper target phase and

absorption contrast determined experimentally are shown in figure 5.15.
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The average wavelength and, consequently, the effective transverse coherence
length, show a similar relationship with the water path length as the phase contrast in
figure 5.15. The phase contrast of each image is now plotted with the effective
transverse coherence length calculated for each water path length. This is shown in

figure 5.18.
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Figure 5.18: Phase contrast as a function of effective transverse coherence length for copper target

As before, the phase contrast shows a linear relationship with the effective transverse
coherence length of the system, this being confirmed by the strong, positive
correlation coefficient of 0.99 between the two variables. Thus as the increasing
water path length shifted the dominant X-ray energy range to higher energies (and
hence the dominant wavelength to lower values), the consequent reduction in the

effective transverse coherence length caused degradation of the phase contrast.

The degradation of the phase and absorption contrast is explained well by a beam
hardening model. This effect is a direct consequence of using a polychromatic X-ray
source: a monochromatic beam would not experience beam hardening due to water
absorption. The absorption over such a narrow range of wavelengths would not have
any appreciable effect on the dominant X-ray energy, and so while the intensity
would decrease, the actual quantifiable absorption contrast and phase contrast should

not change. However, laboratory-based X-ray sources, particularly microfocus X-ray
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sources, emit limited intensities and these are often insufficient for phase contrast
imaging purposes after monochromation. This is a major advantage of
monochromatic synchrotron X-radiation over the polychromatic laboratory-based
microfocus X-ray source. This work demonstrates that copper X-rays are unsuitable
for imaging biological tissue with this system, because the presence of water reduces
the phase contrast significantly. However, while the phase contrast achieved using
the rhodium X-rays is obviously reduced by the presence of water, it is by no means
destroyed. This is a very positive result in the steps towards biological imaging and
suggests that with the rhodium target in place, this system could potentially image

biological specimens.

5.2 Glass

As an extension to the experiment introducing water into the system, glass is added
to the sample in order to check whether it has the same effect on the phase and
absorption contrast as water. It is expected that this will be the case because glass is
a disordered, non-periodic material which absorbs X-rays strongly in the low-energy

region.

For the purpose of this experiment, 4 simple glass microscope slides were used, each
with a uniform thickness of 1.178mm. So the glass path-lengths used for this
experiment were Omm, 1.178mm, 2.356mm, 3.534mm and 4.712mm (error

+0.002mm).
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5.2.1 Scattering considerations

One property of the glass which required consideration is its ability to scatter X-rays.
In order to check the extent to which X-rays are Compton scattered away from the
optical axis, a scattering experiment was conducted. This used a microfocus X-ray
source with a copper target, together with a moveable detector which detects

intensity as a function of scattering angle. The apparatus is shown in figure 5.19.

Detector
0° { ®
+ Sample Source
Rotating
mount

Figure 5.19: Diagram of apparatus for scattering experiment

The sheet of glass was secured perpendicular to the X-ray beam, as in the in-line
imaging technique. The X-rays were propagated toward the glass sheet, and the
detector recorded the intensity at angular intervals of 0.15°. The results are shown in

figure 5.20.

Transmission through a glass slide

Intensity (CPS)

Detector Angle (°}

Figure 5.20: X-ray transmission and scattering through a glass slide.
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The X-ray camera in the phase contrast imaging set-up detects X-rays which have
deviated by up to ~0.15°. It is seen from figure 5.20 that most of the intensity of the
X-ray beam passes through the glass slide normally within the solid angle required
by the in-line imaging set-up. So there is no problem with X-ray transmission
through the glass slide, however some Compton scattered photons have been

detected so the air gap [7] will be needed between the sample/glass and the detector.

5.2.2 Absorption considerations

With the introduction of glass to the system, the level of absorption by the glass is
important and so once again using the XOP software, the absorption coefficient for
glass is determined. This is shown graphically as a function of X-ray energy in figure
5.21. As before, it is seen that the absorption coefficient is much greater at the
copper K, characteristic energy of 8.048 keV than at the rhodium K, characteristic
energy of 20.216 keV. In addition, it is seen that the absorption coefficient of glass is
much greater across the spectrum than the absorption coefficient of water, an

increase of a factor of ~6.5.
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Figure 5.21: Absorption coefficient for glass as a function of X-ray energy

Using expression (5-1) together with the absorption coefficient of glass shown in
figure 5.21, the modified copper spectrum was simulated for the inclusion of

different thicknesses of glass in the system. The following glass thicknesses were
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Phase contrast as a function of glass position
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Figure 5.25: Effect of glass position on phase contrast

Omm position represents sample plane

As before with the water container, it is seen that with the glass directly in front of
the detector there is a drop in the phase contrast due to some Compton scattering.
Provided an air gap [7] is present between the detector and all parts of the sample

and glass, the position of the glass along the optical axis is not overly important.

The sample was initially imaged without the glass in place in order to provide a
reference image against which subsequent images, filtered by glass, could be
compared. This was followed by inserting a 1.178mm sheet of glass into the path of
the X-ray beam and recording an image. This method was repeated three times, each
time with the addition of another glass slide in the X-ray beam, to compare the
effects of the glass thicknesses against the benchmark provided with no glass present
in the system. For all images, the phase contrast was calculated via equation 5-3 as

discussed in Chapter 3.

The experiment was conducted with copper X-rays and rhodium X-rays. The

quantified phase contrast results are shown in figure 5.26.
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As before, each of the filtered spectra are treated using equation 5-1, using the
absorption coefficient of mylar at each energy along the spectrum, together with (a)
the thickness of a single layer (0.051mm) and (b) the thickness of the thicker section
(0.320mm). A weighted average is taken of each of these according to equation 5-8,
and the resulting exponential terms containing the average absorption coefficient

with the two thicknesses are substituted into equation 5-10.

The absorption contrast calculated by this method is plotted together with that
achieved by the rhodium target during the glass experiment (shown earlier in figure

5.28). These are shown in figure 5.29.
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Figure 5.29: Theoretical and experimental change in absorption contrast with increasing glass
thickness (Rhodium source)

As figure 5.29 shows, the model of the beam hardening effect for the rhodium source
shows a good fit to the relationship between absorption contrast and water path
length shown by the actual results. So, once again, the shift of the dominant energy

to higher values accounts for the loss in absorption contrast quite well.
Again, this idea is extended to the phase contrast. Each of the rhodium spectra are

treated using equations 5-11 and 5-12 in order to calculate an average wavelength for

each spectrum. With one glass sheet in the path of the beam, this mean dominant
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Phase contrast as a function of effective transverse coherence
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Figure 5.31: Phase contrast as a function of effective transverse coherence length for rhodium target

The phase contrast shows a linear, proportional relationship with the effective
transverse coherence length of the system: this is confirmed by the strong, positive
correlation coefficient of 0.96 between the two variables. Thus as the increasing
glass thickness shifted the dominant X-ray energy range to higher energies (and
hence the dominant wavelength to lower values), the consequent reduction in the

effective transverse coherence length caused degradation of the phase contrast.

The copper results are also considered in the same way. The copper target phase and

absorption contrast determined experimentally are shown in figure 5.32.
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Figure 5.33: Theoretical and experimental change in absorption contrast with increasing glass
thickness (copper source)

As figure 5.33 shows, the model of the beam hardening effect for the copper source
shows a similar relationship to that between sample absorption contrast and glass
thickness shown by the actual results. This fit is limited in that it cannot be compared
to the absorption contrast with glass thicknesses of 3.354mm or 4.712mm due to the
extensive loss of contrast in these images. But otherwise the shift of the dominant

energy to higher values accounts for the loss in absorption contrast reasonably well.

The change in the average wavelength and effective transverse coherence with water

path length is shown in figure 5.34.
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The phase contrast shows a linear relationship with the effective transverse
coherence length of the system: this is confirmed by the strong, positive correlation
coefficient of 0.99 between the two variables. Thus as the increasing glass thickness
shifted the dominant X-ray energy range to higher energies (and hence the dominant
wavelength to lower values), the consequent reduction in the effective transverse

coherence length caused degradation of the phase contrast.

This work demonstrates that copper X-rays are completely unsuitable for imaging
glass-mounted pathological specimens, because the presence of glass destroys the
phase contrast. However the phase contrast is not destroyed for rhodium X-rays, and
so glass-mounted samples could potentially be imaged by this system with the
rhodium target in place, especially given the earlier results where the system

achieved phase contrast with thodium X-rays despite the presence of water.

It is unlikely that the beam hardening effect would be seen with monochromatic X-
rays, and this is a major advantage of monochromatic synchrotron radiation over
polychromatic laboratory-based X-ray sources. In order to combat the effects of
beam hardening on phase contrast within a laboratory environment, a microfocus X-
ray source capable of producing much higher intensities would be required.
Monochromation of a significantly higher-intensity source would also provide a

possible solution.
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6. Phase contrast images of test objects

In order to determine the capability of the in-line laboratory-based set-up in a practical
application of phase contrast imaging, the set-up was used to image two test objects: a

Leeds Mammographic Test Object TOR[MAM] [1], and a scorpion sting.

A number of mammographic phantoms have been imaged (as discussed in Chapter 1),
but the Leeds TOR[MAM)] phantom has not been used in phase contrast imaging very
often. Kotre et al. have imaged a Leeds TOR[MAM] phantom using an adapted
mammography imaging system, with a molybdenum target in place [2,3], assigned
scores to the images according to the level of detail present, and compared the scores for
phase and absorption contrast images. In this project, the effects of sample position,
source size, monochromaticity, sample thickness and the presence of water and glass on
phase contrast have all been investigated. Having used this earlier work to gradually
improve and gain a better understanding of the imaging system, phase contrast imaging
of the test object is attempted in order to assess the capability of the improved system to
image the phantom. Both rhodium and copper X-rays are used, and the suitability of the
two X-ray energies is discussed. This work is important because it takes the initial steps

towards potentially using this system for imaging of small pathological samples.

The final sample discussed in this project is the scorpion sting shown in Chapter 1. No
phase contrast images of scorpion stings have been previously seen in published
literature, so this is a real first for the field. An absorption image (taken at the beginning
of the project) and a phase image (taken after the work discussed in Chapter 4 was
completed) are compared in order to illustrate the improvements made to the system
during the course of the project. This comparison visually sums up the scale of the
improvement in the imaging system as a result of this work, and although this is done
qualitatively, it is important to be able to see a ‘before’ and ‘after’ glimpse with a

project like this.
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orientations to be determined. All filaments are 10mm in length, and the diameters

gradually decrease from the bottom-left group (400um) to the top-right group (200um).

The central group of particles represent microcalcifications. These are made from a
calcium-based mineral substance and all have irregular shapes. Each test group
comprises a number of these particles in order to simulate a cluster of
microcalcifications. The clusters each contain a range of particle sizes, starting at the
bottom-left (with upper and lower limits of 354um and 224pm respectively) and
decreasing towards the top-right (with upper and lower limits of 106um and 63um

respectively).

The bottom group of low-contrast details are 3mm diameter circular discs, made from
plastic. Six thicknesses of plastic are used, providing six different contrast values in the
phase contrast images. These low-contrast details approximate to mean detail sizes of

2mm to Smm, as recommended by Kimme-Smith [5].

The detail on the right-hand side of the diagram in figure 6.1 represents breast tissue
morphology. It simulates the appearance of breast tissue, although it is not claimed that
the breast tissue morphology section is equivalent to breast tissue in an anatomical or
radiological sense [1,6]. Rather, it determines the noise effects seen by the imaging
system when imaging breast tissue, and helps to determine the overall image quality

achievable by the imaging system.

The two small sections, marked Bl and B2 on the diagram in figure 6.1, are for
background density measurement, to allow for comparison between films. This feature
is not used in these experiments because the images are taken for a purely qualitative

analysis.
The TOR[MAM] test object shown in figure 6.1 may be used in conjunction with three

more D-shaped Perspex blocks, each 10mm in diameter. The total thickness of the

object in this case is 41mm, and the additional sections help to simulate base attenuation
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and scattering effects. Because this is a preliminary investigation into the set-up’s
capability of imaging the details embedded within the test object, the additional sections

of the phantom were not used.

6.1.1 Evaluation of contrast detail images

Images of the detailed section of the mammographic test object were taken with the
rhodium and copper targets in place in turn in order to determine the practical capability
of the system with each target. Following the work with source size, discussed in
chapter 4, the source dimensions were kept to a minimum (19um width x 18um height
in the case of the rhodium target, 12pm width x 17um height in the case of copper). We
have seen that the polychromatic spectrum of both sources yields satisfactory phase
contrast images and so no attempts were made to filter the X-rays. The detailed section
of the test object required only a qualitative analysis, so X-ray film was used to record

the images. The system was set up as shown in figure 6.2.

I l * Source
X-ray film TOR[MAM]

Figure 6.2: Set-up for low-contrast detail imaging

The test object was fixed 128mm from the source, and the X-ray film was fixed 684mm
from the test object. We have seen that with a propagation distance greater than
approximately 78mm, the system retains phase contrast in the images, and the greater
the propagation distance, the better the phase contrast. A sample-detector distance of
684mm is approaching the maximum propagation distance possible within the confines
of the system’s enclosure, so this should give the system the best chance of retaining

good phase contrast images in terms of propagation of the transmitted X-rays.

Each of the groups of filaments was imaged separately, in turn, as described above. The
images on film were magnified by a microscope and acquired directly to a computer
using a visible light CCD. The images obtained using the rhodium target are shown in

figure 6.3, and those obtained using the copper target are shown in figure 6.4. Due to the
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As figures 6.3 and 6.4 show, with both the rhodium and copper targets in place the
system is capable of imaging all six groups of filaments, and so has the ability to record
this type of detail at least down to 200um in size. As expected, the strength of the phase
contrast at the edges of the filaments varies within each group: it was concluded in
chapter 4’s discussion of the results of the source size experiment that the orientation of
a sample edge is important when making use of an elliptical source. The phase contrast
of an image of a given sample edge is affected more by the transverse coherence in the
direction perpendicular to the orientation of the sample edge. However, the edge details
in all orientations are visible here, and most show the distinctive phase contrast fringe,

which is an excellent result.

An example of an intensity profile across an image of a filament is shown in figure 6.5.
This is taken across the rhodium image of a filament in group D, and so it represents a

filament of 250um diameter.
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Figure 6.5: Intensity profile across rhodium image of a filament in group D

The intensity profile in figure 6.5 shows some slight absorption contrast, due to the

250um thickness of the filament. The main points of interest are the large peak and
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Intensity profile across pseudo-microcalcification image
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Figure 6.8: Intensity profile across image of a pseudo-microcalcification.
(a) Rhodium image, (b) Copper image

From figure 6.8 it is easily seen that the edge contrast is far more marked in the rhodium

image than the copper image, because the peak and trough are very clear at the edges of
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Figure 6.11: Intensity profile across images of low-contrast circular detail edge
(a) Rhodium image, (b) Copper image
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The phase contrast in the images obtained using the rhodium target is very clear in all of
the images, although it is seen to be reduced in image 6.9 (d), which is of one of the
lowest contrast discs. The additional detail seen in images 6.9 (a) and (b) shows the
adhesive holding the perspex of the test object together at the contrast detail level. The
phase contrast in the images obtained using the copper target is also clear in all of the
images, although it is not as highly visible as that in the majority of rhodium images.

Image 6.10 (a) is also seen to show some adhesive detail.

It is possible to grade images of the test object detail section as a measure of the
visibility of the image details, as described in [2]. This requires all of the test object
details to be recorded in one large image. Due to the small size of the X-ray beam and
the large magnification required of the system, this was impractical for this set-up.
However, the in-line phase contrast imaging set-up has shown itself to be capable of
qualitatively imaging practical details such as those embedded in a mammographic test

object. This is a positive result towards the practical application of the system.

6.1.2 Breast tissue morphology results

The breast tissue morphology section of the test object was imaged using both the
rhodium and copper targets with the source. Two experiments were done using this
section: one to see the capability of the system when imaging the breast tissue
morphology section, and the other to determine the attenuation effect of the breast tissue

morphology section.

6.1.2.1 Images of breast tissue morphology
Images were taken of the breast tissue morphology section of the Leeds mammographic
test object, using both the rhodium and copper targets with the source. The experimental

set-up is shown in figure 6.12.

{ 4——- Source

X-ray film TOR[MAM]

Figure 6.12: Set-up for breast tissue morphology imaging
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As before, the mammographic test object was placed 128 mm from the source, with the
breast tissue morphology section in the path of the X-rays. With the rhodium target in
place, images were recorded on four X-ray films: with the film fixed 684mm from the
test object, 382mm from the test object, 182mm from the test object and finally fixed at
Omm from the test object. Given that it has already been determined that the system
cannot detect phase contrast with propagation distances of 78mm or less (as discussed in
chapter 4), it would be expected that there will be no phase contrast present in the latter
image. Of the remaining images, it would be expected that the 684mm image will retain
the most phase contrast information and the 182mm image will retain the least phase
contrast detail. This was repeated with identical source-sample and propagation
distances with the copper target in place. The images recorded on X-ray film were
viewed using a transmission microscope, and the magnified images were acquired
directly to a computer using a visible light CCD camera. The images of the breast tissue

morphology achieved using the rhodium source are shown in figure 6.13.
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The images in figure 6.14 show a very similar pattern to those in figure 6.13. The breast
tissue morphology detail retained in the image with the longest X-ray beam propagation
distance of 684mm (figure 6.14 (a)) is excellent while the phase contrast detail in the
images taken at propagation distances of 382mm and 182mm (figures 6.14 (b) & (c)),
becomes more difficult to see. Finally the image taken at Omm (figure 6.14 (d)) shows
up no useful detail. Again, this absorption image will have been affected by Compton
scattering due to the lack of an air gap, and may not necessarily represent the true

absorption image.

Comparison of figure 6.13 (a) and 6.14 (a) to figures 6.13 (c) & (d) and 6.14 (c) & (d)
respectively really shows up the advantage of phase contrast imaging over absorption
imaging. While the phase contrast image is rich in detail and shows some semblance of
depth in the test object, the images with short or nonexistent propagation distances are
not particularly helpful. The phase contrast images retain far more detail than the
absorption images and are certainly the more useful of the two image types in this

situation.

6.1.2.2 Attenuation effect of breast tissue morphology

The breast tissue morphology section of the Leeds mammographic test object is
designed to simulate the noise contribution of breast tissue, rather than to provide an
anatomically accurate representation of breast tissue. Thus it is useful to investigate the
attenuation and noise effect of this breast tissue morphology on phase contrast images.
In order to do this, the breast tissue morphology section of the test object was placed in

the path of the X-ray beam, as shown in figure 6.15.

e |I I‘~—' Source
Detector Sample TOR[MAM]

Figure 6.15: Set-up of attenuation experiment

The X-ray CCD camera was used to detect the images in this experiment because some

quantitative analysis of the image intensity profiles was required. Images were taken of
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Figure 6.17: Comparison of intensity profiles with and without test object in X-ray path for ‘step’
thicknesses: (a) 929um, (b) 792pum, (c) 584pm and (d) 269um. (Rhodium target)

It is seen in figure 6.17 that the presence of the simulated breast tissue has a significant,

detrimental effect on the phase contrast achieved by the imaging set-up. Good phase

contrast is clearly visible for all non-attenuated Heaviside samples, as expected. The

attenuated samples with ‘step’ thicknesses

of 929um and 792um are clearly visible,
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From figure 6.18 it is seen again that the phase contrast increases with ‘step’ thickness

as seen in Chapter 4, whether attenuated by the phantom or not. However the phase

contrast is seen to fall by a fairly constant factor of approximately 30 for every sample,

which is an extremely significant loss of information.

The intensity profile comparisons for the resulting images are also compared visually.

These are shown in figure 6.19.
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Figure 6.19: Comparison of intensity profiles with and without test object in X-ray path for ‘step’
thicknesses: (a) 929um, (b) 792um, (c) 584pum and (d) 428um. (Copper target)
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These attenuated phase and absorption contrast results make it clear that X-rays
provided by a copper target are unsuitable for imaging a mammographic test object, and
consequently mammographic samples, due to the noise and X-ray attenuation caused by
the breast tissue. However, the images achieved using X-rays provided by the rhodium

source are very promising.

A good direction to take this work would be to gradually scale down the operating
settings of the microfocus X-ray source, with the rhodium target in place, to match those
of a mammographic specimen radiography system (a low energy unit with a very small
focal spot for high magnification imaging of biopsy tissue [7]). While the rhodium
images of the phantom show good potential, the voltage is currently set too high to be

used on tissue samples.

6.2 A scorpion sting: absofption and phase imaging

The final step in this project is to demonstrate the system’s phase contrast imaging
capability on an actual pathological sample. A number of pathological samples have
been imaged in the past using phase contrast methods according to published literature,
as discussed in some detail in Chapter 1. However, most of these have been imaged
using synchrotron radiation: comparatively few have used laboratory-based in-line
techniques. Some examples of pathological samples imaged using in-line techniques in
the laboratory include the following: a goldfish [8], a section of liver [9], a small bone
[10], a fly [11], and a shrimp [12]. A number of dead scorpions became available to this
project at an early stage, and because at present none of the published literature includes

phase contrast images of scorpions, this is a new possibility in the field.

During the early stages of the project, before any of the work discussed in Chapters 4
and 5 had been completed, the system was used to image a scorpion sting with a
maximum cross-sectional diameter of 4mm. The system was set up as shown in figure
6.21. The set-up included a propagation distance of 55mm, and source dimensions of

26pm width by 44pum height. This image was taken with the rhodium target in place.
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The images in Figure 6.22 both show a section of a scorpion tail comprising an aculeus
(sting), telsen (vesicle containing venom gland and muscles) and distal (segment

connecting the telsen to the tail).

The absorption image (Figure 6.22 (a)) does include some useful details. The hinge-like
connection between the telsen and the distal can be seen at the bottom of the image. The
venom gland and muscular area show up within the telsen, although they are
indistinguishable from one another and simply appear as one strongly-absorbing section.
The general shape of the aculeus can be determined from the absorption contrast image.

However no additional detail within the aculeus is seen.

The phase contrast image (Figure 6.22 (a)) shows up more useful detail. Again, the
connection between the telsen and the distal is seen, but the tissue within this area is
resolved and the absorption property does not dominate the section. The telson itself
shows a crisp outline, and within this outline the venom gland and its muscles all show
enhanced detail. The absorption contrast here is unavoidable due to the stronger
absorption of this section. However it is not detrimental to the enhanced edge details.
The weakly-absorbing areas within the telson also display plenty of detail which the
absorption image could not record. The aculeus in the phase contrast image really
demonstrates the improvement facilitated by the phase contrast method: in addition to
displaying a good outline of the shape, the shaft through which the poison travels into

the scorpion’s prey is well-resolved from the telson to the tip.

In addition to breaking some new ground in the field of phase contrast imaging, the
scorpion sting images provide a ‘before’ and ‘after’ type glimpse of this project. The
phase image is an unquestionable improvement on the absorption image, not only
demonstrating the advantage of phase contrast over absorption contrast when imaging
weakly-absorbing samples, but also highlighting the improvement to the imaging system

during the course of this project.
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7. Conclusions, further work and future developments

7.1 Summary of conclusions

During the course of this project it has been demonstrated that good phase contrast
images are achievable using a laboratory-based microfocus X-ray source in an in-line
set-up. The differences between absorption and phase contrast images have been
demonstrated theoretically via a program in Matlab, which simulates the interference

effects caused by a simple phase object in an in-line set-up.

Using a phase object comprising an abrupt boundary between two sections of mylar of

slightly differing thicknesses, quantifiable phase contrast images have been acquired.

With the in-line system set up on a laboratory scale, it has been determined that the
limiting factor in system positioning is the propagation distance between the sample and
the detector. This must be sufficient for the transmitted X-rays to interfere in order to
provide the phase detail. With the source and detector positions fixed, the phase contrast
has been seen to vary in direct proportion to the propagation distance. The results using
both copper and rhodium targets have suggested that phase contrast is not achievable by

this system with a propagation distance of 78mm or less.

It has been demonstrated that in the absence of other variations in conditions, optimum
phase contrast images are achieved with a small source size, and hence a longer
transverse coherence length. It has been further determined that the source dimension in
the direction perpendicular to a given boundary in the sample dominates the phase

contrast of that boundary within the image.

By manipulating images taken at different operating voltages, via weighted subtractions,
it has been determined that more monochromatic X-rays provide images with higher
phase contrast values. However, it has been demonstrated that the widely-used filter
method for partial X-ray monochromation is unsuitable for phase contrast imaging due

to the ‘beam-hardening’ effect caused by the filter’s absorption of X-rays at low
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energies, and the filter self-image which is superimposed with the phase contrast image

of the sample.

By imaging a number of mylar samples of different thicknesses, it has been determined
that the phase contrast increases initially with sample thickness, but reaches a plateau at
a certain sample thickness. For samples thicker than this, the absorption contrast
provides most of the information in the image. This phase contrast plateau is different
for rhodium and copper X-rays. This means that in practice, a phase contrast imaging
system is limited in terms of sample thickness, and for a given material this limiting

thickness is dependent on the energy of the incident X-rays.

Introduction of disordered materials, represented here by water and glass, to the system,
have been seen to be detrimental to both the phase and absorption contrast. This is due
to the ‘beam hardening’ effect caused by the strong absorption of low-energy X-rays by
water and glass. It causes a reduction in the effective transverse coherence length and
the average absorption coefficient of the sample material, thereby affecting both the
phase and absorption contrast imaging capabilities of the system. This effect is a direct
consequence of the use of polychromatic X-rays and can be eliminated only by the use

of monochromatic X-rays.

With the copper target in place, the system was found to be unsuitable for imaging
pathological samples because water significantly reduced the phase contrast and glass
destroyed it, due to the low energy of the copper spectrum. However, although the phase
contrast achieved with the rhodium target in place was reduced by the introduction of
water and glass, it was not destroyed. So the system does show some potential for phase

contrast imaging of pathological samples.

Using a Leeds mammographic test object, TOR[MAM], the system was tested to
determine its capability in the field of mammography. Using both the rhodium and
copper targets, good phase contrast images were recorded of all the contrast details

embedded in one side of the test object, and also of the breast tissue morphology detail
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embedded in the other side. An investigation using the breast tissue morphology section
and a mylar Heaviside sample, with the rhodium target in place in the source,
determined that with the noise and attenuation caused by breast tissue, the system is
capable of detecting an anomaly of >584pum thickness. However, with the copper target
in place the system was unable to detect any anomalies up to and including the thickest

sample, 929um in thickness.

The system was used to image a scorpion sting at the beginning of this project and again

towards the end. These images provide a practical demonstration of the following:
« The application of the system to a pathological test object;
- The differences between absorption contrast images and phase contrast images;

« The significant improvement in the system as a result of this project.

This project has demonstrated that monochromatic X-rays are better for phase contrast
imaging because they do not suffer beam hardening effects as samples absorb low
energy X-rays. However, for weakly absorbing materials, polychromatic X-rays have
provided good phase contrast images, with both rhodium and copper targets in place.
For a pure phase object, X-rays produced with copper and rhodium targets have been
seen to provide similar levels of phase contrast. However, for more strongly-absorbing
materials, the higher-energy X-rays produced with the rhodium target have been seen to
provide better phase contrast because the beam-hardening and intensity loss effects of
low-energy absorption are less significant than for copper X-rays. In practice it is
unlikely that this system would be applied only to pure phase objects, so high-energy X-
rays are likely to be the more suitable choice for most applications, with their ability to

penetrate samples further.
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7.2 Suggestions for further work
Further work which could be completed in relation to this project could include the

following.

1. It has been seen that for a given material, the phase contrast imaging system has an
operational limit in terms of sample thickness, past which the absorption contrast
provides more information (as discussed in Chapter 4). By repeating the thickness
experiment with Heaviside function samples of different materials and thicknesses,
using copper, rhodium and other targets, a map of these operational limits could be

built up for a number of sample materials and X-ray energies.

2. Using the same Heaviside function sample, the experiments involving path lengths
of water and glass in the X-ray beam (as described in Chapter 5) could be repeated
using synchrotron radiation via a suitable beamline, for example ID19 or BM0S5 at
the European Synchrotron Radiation Facility (ESRF). Ideally, this would use
monochromatic 8keV and 20keV X-ray beams for consistency with the copper and
rhodium targets used during this project. Because the X-rays would be
monochromatic and of high intensity, it is expected that the phase and absorption

contrast would not be degraded as water or glass is introduced to the system.

3. While the in-line system demonstrated that it is capable of detecting details in a
mammographic test object, it was not possible to quantify the results via image
grading because this requires the whole test object to appear within the same image.
The size constraints of the shielded enclosure did not allow for sufficient
magnification to achieve such an image. If a larger shielded area were available to
this project, gradable images could be acquired and a robust numerical comparison

could be drawn between the rhodium and copper results.
4. A natural progression for this project would be to try imaging small biological tissue

samples, subject to health and safety regulations for the location of the system. The

operational settings of the X-ray source, as used for this project, are outside of the
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range allowed for in-vivo imaging, but by using pathological samples for guidance

these settings could be gradually brought down to the correct levels.

7.3 Future developments

In the future, other laboratory-based X-ray sources could provide a more suitable X-ray
beam for phase contrast imaging. It has already been seen that a microfocus X-ray
source, providing a high-brightness X-ray beam, is suitable for phase contrast imaging.
Such sources are improving and higher-brightness sources can be expected in the future.
Another possible source is the X-ray laser [1]: a tuned, monochromatic X-ray laser with
an expanded beam would provide the high intensity required. However, these lasers are
pulsed, which would be unsuitable for this application, and are currently highly

experimental.

A realistic possibility is the laboratory-based synchrotron source. Several such sources,
developed by Photon Production Laboratory, have been developed, and it is claimed that
they provide results almost as good as a mainstream synchrotron source. The largest,
MIRRORCLE 20 [2], accelerates electrons up to 20MeV with an orbit radius of 0.15m,
using a magnet of 1.2m in diameter. This produces X-rays ranging from lkeV up to
SkeV. However its cost (U.S.$3 million) and dimensions (3m x 7m x 2m) make it far
less practical and cost-effective than the microfocus X-ray source. A further
development is the tabletop synchrotron source MIRRORCLE 6X by Hasegawa et al
[3]. This accelerates electrons up to 6MeV with an orbit radius of 0.15m using a magnet
of 0.6m in diameter, and takes up an area of just 2 square metres. This provides a
continuous spectrum ranging from 1keV to 6 MeV, with an expected brilliance of ~10''
photons/s/mrad’/mm?/0.1%A.. Another, similar source offers a dedicated X-ray range of
10keV to 30keV. Again, the cost of both is prohibitively high. When the scaled-down
synchrotron source is available at a realistic price, laboratory-based phase contrast

imaging should improve vastly.
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Appendix A:

Matlab programs modelling phase changes through system

Al. Object approximating to a Heaviside function:
% program to simulate the phase effects of an
% object approximating to a Heaviside function

x=42;
y=42;

Wavefront=zeros(x,y);
Step=zeros(x,y);
Propagate=zeros(x,y);
Image=zeros(x,y);
Dist=0.3;
DeltaMylar=4.74517¢-6;
MuMylar=8.96278;
DeltaAir=3.87519¢-9;
MuAir=0.0111423;
PropagateSum=0;

% Create a flat wavefront:

for tmpy = -y/2:1:y/2-1
for tmpx = -x/2:1:x/2-1
Wavefront((tmpy+y/2+1),(tmpx+x/2+1)) = 1000*exp(0);
end
end

% Map the wavefront amplitude:
mesh(abs(Wavefront))

% Map the wavefront phase:
mesh(angle(Wavefront))

% Propagate wavefront through 'step' function:

for tmpy = -y/2:1:y/2-1
for tmpx = -x/2:1:x/2-1
% One half of sample has thickness = 100 microns
if tmpx <=0
Step((tmpy+y/2+1),(tmpx+x/2+1)) =

Wavefront((tmpy+y/2+1),(tmpx+x/2+1))*exp(-MuMylar*0.01)*exp(-

2*i*pi*DeltaMylar* 100e-6/1.545e-10);
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%Square for intensity:
Intensity((tmpy+y/2+1),(tmpx+x/2+1)) = Step((tmpy+y/2+1),(tmpx+x/2+1))"2;
end
% Other half of sample has thickness = 200 microns
if tmpx >0
Step((tmpy+y/2+1),(tmpx+x/2+1)) =
Wavefront((tmpy+y/2+1),(tmpx+x/2+1))*exp(-MuMylar*0.02)*exp(-
2*i*pi*DeltaMylar*200e-6/1.545e-10);
%Square for intensity:
Intensity((tmpy+y/2+1),(tmpx+x/2+1)) = Step((tmpy+y/2+1),(tmpx+x/2+1))"2;
end
end
end

% Map the transmitted wavefront amplitude:
mesh(abs(Step))

% Map the transmitted wavefront phase:
mesh(angle(Step))

% Transmitted absorption image:
mesh(abs(Intensity))

% Propagate transmitted wavefront to detector:

% Horizontal deflection on image:
for t = -x/2:1:x/2-1
% Vertical deflection on image:
for s = -y/2:1:y/2-1
% Vertical deflection on object:
for tmpy = -y/2:1:y/2-1
% Horizontal deflection on object:
for tmpx = -x/2:1:x/2-1

% Vertical position on image:
Yimage = (s*10e-3)/y;

% Horizontal position on image:
Ximage = (t*10e-3)/x;

% Vertical position on object:
Yobject = (tmpy*2e-3)/y;

% Horizontal position on object:
Xobject = (tmpx*2e-3)/x;

% Angle theta, subtended by object at image in vertical direction:
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theta = atan((abs(Yimage-Yobject))/Dist);

% Angle phi, subtended by object at image in horizontal direction:
phi = atan((abs(Ximage-Xobject))/Dist);

%Propagation of wavefront section to point in image:
Propagate((tmpy+y/2+1),(tmpx+x/2+1)) =
Step((tmpy+y/2+1),(tmpx+x/2+1))*exp(-
MuAir*Dist* 100/(cos(phi)*cos(theta)))*exp(-
2*i*pi*Dist/(cos(phi)*cos(theta)* 1.545¢e-10));

%Sum contributions from all parts of wavefront to point on image:
PropagateSum = PropagateSum +
(Propagate((tmpy+y/2+1),(tmpx+x/2+1))"2);
end
end

% Record final sum of contributions to image co-ordinate:
Image((s+y/2+1),(t+x/2+1)) = PropagateSum;
end
end

% Intensity map of final image:
surf(abs(Image))
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A2. Object approximating to a graded function:
% program to simulate the propagation image of an
% object approximating to a graded function.

x=42;
y=42;

Wavefront=zeros(x,y);
Graded=zeros(x,y);
DeltaMylar=4.74517e-6;
MuMylar=8.96278;
Thickness=0

% Create a flat wavefront:
for tmpy = -y/2:1:y/2-1
for tmpx = -x/2:1:x/2-1
Wavefront((tmpy+y/2+1),(tmpx+x/2+1)) = 1000*exp(0);
end
end

% Map the wavefront amplitude:
mesh(abs(Wavefront))

% Map the wavefront phase:
mesh(angle(Wavefront))

% Propagate wavefront through graded function:
for tmpy = -y/2:1:y/2-1

for tmpx = -x/2:1:x/2-1
% Section of sample with thickness = 100 microns:

if tmpx <=-10
Thickness=100e-6;
end

% Section of sample with graded thickness:
if (tmpx > -10) & (tmpx < 10))
Thickness = 100e-6+({tmpx+11)*100e-6/20);

end
% Section of sample with thickness = 200 microns:
if tmpx > 10
Thickness = 200e-6;
end

% Absorption and phase effects of mylar object:
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Graded((tmpy+y/2+1),(tmpx+x/2+1)) =
Wavefront((tmpy+y/2+1),(tmpx+x/2+1))*exp(-MuMylar*Thickness* 1 00)* exp(-
2*i*pi*DeltaMylar* Thickness/1.545¢-10);

%Square for intensity:
Intensity((tmpy+y/2+1),(tmpx+x/2+1)) = Graded ((tmpy+y/2+1),(tmpx+x/2+1))"2;
end
end

% Map the transmitted wavefront amplitude:
mesh(abs(Graded))

% Map the transmitted wavefront phase:
mesh(angle(Graded))

% Transmitted absorption image:
mesh(abs(Intensity))

% Propagate transmitted wavefront to detector:

% Horizontal deflection on image:
for t = -x/2:1:x/2-1
% Vertical deflection on image:
for s = -y/2:1:y/2-1
% Vertical deflection on object:
for tmpy = -y/2:1:y/2-1
% Horizontal deflection on object:
for tmpx = -x/2:1:x/2-1

% Vertical position on image:
Yimage = (s*10e-3)/y;

% Horizontal position on image:
Ximage = (t*10e-3)/x;

% Vertical position on object:
Yobject = (tmpy*2e-3)/y;

% Horizontal position on object:
Xobject = (tmpx*2e-3)/x;

% Angle theta, subtended by object at image in vertical direction:
theta = atan((abs(Yimage-Yobject))/Dist);

% Angle phi, subtended by object at image in horizontal direction:
phi = atan((abs(Ximage- Xobject))/Dist);

%Propagation of wavefront section to point in image:
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Propagate((tmpy+y/2+1),(tmpx+x/2+1)) = Graded
((tmpy+y/2+1),(tmpx+x/2+1))*exp(-
MuAir*Dist* 100/(cos(phi)*cos(theta)))*exp(-
2*i*pi*Dist/(cos(phi)*cos(theta)*1.545¢-10));

%Sum contributions from all parts of wavefront to point on image:

PropagateSum = PropagateSum +
(Propagate((tmpy+y/2+1),(tmpx+x/2+1))"2);
end
end

% Record final sum of contributions to image co-ordinate:
Image((st+y/2+1),(t+x/2+1)) = PropagateSum,;
end
end

% Intensity map of final image:
surf(abs(Image))
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Appendix B:

Calculation of source size
Here, the method for measuring the source size is explained in detail.

B.1 Derivation of source size calculation
The method uses the image of a wire shadow, taken as shown in figure B.1:

1|
/
@§<‘b Y. Y. |Ys

e

Figure B.1: Schematic diagram of imaging system with a wire in the path of the beam

Using figure B.1 together with some trigonometry, the source size can be determined via

the following set of equations:

Y. - .
PRRE - Y, Resi\l/utlon (B-1)
6~ % (B-2)

196



Y, —
s= Lohx Re solution (B-3)
2 X

. . d . . . .
% is equal to the ratio 7 and these give the reciprocal of the magnification, M. Thus
2

the source size is calculated via the following:

. Y, — Y, Resolution

2 M B-4)

B.2 Equivalent Gaussian FWHM dimension

In reality, the boundaries are not well-defined in the images obtained by the detector,
unlike the image suggested in figure B.1. The image will take the form of a broadened
intensity distribution. An accurate method is required to determine the correct points at
which to measure Y3-Y,. The FWHM of a beam is often used in cases where edges are
broadened out, so it makes sense to use this approach. By plotting a Gaussian
distribution together with its cumulative curve, such that they cover the same range
along the x-axis but use different y-axes, the percentiles coinciding with the Gaussian

FWHM can be determined. This is illustrated in figure B.2.
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Gaussian profile and image intensity
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Figure B.2: Gaussian distribution and image intensity profile plotted together

The FWHM of the Gaussian distribution is seen to coincide with the image intensity
profile contained within the 12% and 88% intensity range. Thus an accurate estimate of
Y, and Y3 may be taken at 12% and 88% of the intensity range respectively, and 76% of

the beam energy is used in the measurement.

B.3 Deconvolution

An additional consideration is that the wire is not opaque to the X-rays and the
absorption effect must be accounted for in the image calculations. This is done by
considering the absorption image of the wire if no source magnification occurs. In
constructing a theoretical ideal image, we must calculate the propagation distance across
the wire at each point along the wire’s diameter. This simply uses Pythagoras’ Theorem,

based on figure B.3.
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Figure B.3: Cross section of cylindrical wire

In figure B.3, R is the radius of the cross-section, x the distance from the centre of the
cross-section to the point of entry of the photon, and y the propagation distance from the
centre of the cross-section to the edge of the wire. The distance y is calculated as

follows:

x> +y?=R? (B-5)

y=vR? - x’ (B-6)

The photon propagation distance is double the distance y shown in figure B2, and so is

given by:
propagation =2~ R* — x’ (B-7)

A typical profile of propagation distance across a 125pum cylindrical wire cross-section

would look like the profile shown in figure B.4.
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Figure B.4: Typical profile of propagation distance across a 125um cylindrical wire

The propagation distance is then included in the standard absorption formula,

1=1, exp(- ) (B-8)

where I and I are the transmitted and incident intensities respectively, p the absorption
coefficient and ¢ the wire thickness, or propagation distance. Using equations B-7 and B-
8, together with the absorption coefficient of mylar at the copper K, energy and an
arbitrary incident intensity, we can construct an ideal image of a 125um mylar wire by

way of example. This is shown in figure B.S5.
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Figure B.5: Ideal image of a 125um mylar wire with no source magnification present

With source magnification present, we would expect the final image obtained to be a
convolution of figure B.5 with the source distribution [1], leading to a broadened

intensity distribution curve as shown in figure B.6.

Intensity

Distance across detector

Figure B. 6: Realistic intensity profile across wire shadow image
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In order to correctly calculate the source size, the ideal image intensity profile must be
deconvolved from the intensity profile of the image obtained by the detector. This
provides an intensity profile representing the source magnification effect. Equation B-4

can then applied to the intensity profile obtained by deconvolution.

In preparing for this deconvolution work, the ideal image profiles must be constructed

for the tungsten wire, at both copper and rhodium K, energies. To do this we apply the

following variables to equations B-7 and B-8:

« Radius, R = 125um;
« Arbitrary incident intensity, 7, = 100,000,
« Absorption coefficient of tungsten at rhodium K, energy, u = 1,195;

« Absorption coefficient of tungsten at copper K, energy, u = 3,137.

The ideal images for rhodium and copper are shown in figures B.7 and B.8 respectively.
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Figure B.7: Ideal image profile of tungsten wire with no source magnification (rhodium source)
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Figure B.8: Ideal image profile of tungsten wire with no source magnification (copper source)

From figures B.7 and B.8 we see that, due to the high absorption property of the
tungsten, the ideal image profiles approximate to a perfect pulse at both rhodium and
copper energies. In this situation, deconvolution of the ideal image from the image
obtained by the detector will have little effect because with such high levels of
absorption at these energies the tungsten wire effectively behaves as if it is opaque to the
X-rays. Thus, equation B-4 can be applied directly to the profiles of the images obtained
by the detector.
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