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1. Introduction

Absorption-based X-ray imaging has been used for medical and industrial applications and
become an invaluable tool since German scientist Rontgen’s discovery more than a hundred
years ago. By the development of computed tomography (CT), absorption-based X-ray
imaging could be further improved and non-destructive three-dimensional (3D) views of
internal structures became possible. In particular, for medical diagnostics applications, X-ray
CT became an invaluable tool during the last 30 years. However, this kind of techniques
provides poor contrast and spatial resolution for weakly absorption materials and structures
with low atomic number. For example, since the absorption coefficients of soft tissue are very
close to that of water, it is very difficult to distinguish internal features in the soft material.

In the quest of better contrast in X-ray imaging, a number of different phase contrast
imaging (PCI) techniques have been explored during the last few decades. The phase shift
cross section is three orders of magnitude larger than the absorption cross section for
materials with low atomic number, which is an indication that PCI is more sensitive to
density variation than absorption-based X-ray imaging. As one of the important research
topics in the field of PCI, phase contrast CT (PC-CT) has consequently been developed to get
the phase shift cross section tomography image of the samples. Unlike absorption-based CT,
PC-CT uses the phase shift rather than the absorption as the imaging signal and may
provide better image quality in soft tissue and low atomic number samples.

In this chapter, an overview of PCI and PC-CT methods was presented. Some of contents are
directly adapted from the literatures. We will firstly introduce the concept of X-ray refraction,
the complex refractive index and the phase signal. Then we will discuss the imaging principles
of several kinds of PCI methods including crystal interferometer, analyzer based imaging,
propagation based imaging and grating based imaging. Followed is the description of several
PC-CT methods. PC-CT based on gratings and ordinary X-ray source will be the focus of
discussion. Finally a description about the future of PC-CT will be presented.

2. X-ray refraction

It is well-known that refraction will be observed when light wave passes from one
medium to another medium at any angle other than 90° or 0°. Refraction is the change in
direction of a wave due to a change in its speed. It is described by Snell's law, which states
that the angle of incidence is related to the angle of refraction. The index of refraction
represents the refraction property of one media, which is relative to the propagation
speed of light in this media.
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As a form of electromagnetic wave, X-ray also has refraction phenomenon when it interacts
with matter. Meanwhile, X-ray is shorter in the wavelength than visible light and easier to
penetrate matter. It has a wavelength in the range of 0.01 to 10nm, corresponding to
frequencies in the range 30 petahertz to 30 exahertz (3x101¢ Hz to 3x101° Hz) and energies in
the range 120 eV to 120 keV. Due to refraction, both the amplitude and the phase of the
electromagnetic wave describing the X-ray beam are affected when X-rays penetrate matter.
The amplitude gets attenuated and the phase gets shifted.

When calculating refraction effects of X-rays penetrating matter, one can calculate both
absorption and phase shift of the X-ray wave from the complex index of refraction n. In
homogeneous media with a nonzero electron density, the refractive index is usually written
as n=1-0+if. Where 6 and S are given by equations (1) and (2). Ais the wavelength,
1, =2.82x107°m is the Thomson scattering length (classical electron radius), Z is the
atomic number, and p, is the atomic number density. o, and o, are phase shift cross
section and the absorption cross section respectively (Jensen 2010).

6=(A/2/m)ps(AnZ)=(2 /2] m)pac, (1)

B=(A/4/m)pac, (2)

To see the effect of the refractive index, we consider a wave propagating through a medium.
The propagation of an electromagnetic wave through a medium with index of refraction n
is described by equation (3). k is the wave vector, r is the position vector, and E;is the
amplitude of the electric field.

\P(;) _ Eoeink; _ Eoei(l_é)%';e_ﬂw (3)
In vacuum, the index of refraction n is unity, and hence the propagation of a plane wave in
vacuum can be described by equation (4).

¥(r) = Ege™ (4)
In Figure 1 an example of how a plane wave changes as it interacts with a block of material
is displayed. A wave travelling through a medium with refractive index n is both
attenuated and phase shifted relative to a ray travelling through vacuum. The imaginary
part of the refractive index describes the attenuation, here illustrated by the loss in
amplitude and indicated by green lines in figure 1. The change in amplitude and intensity
are given by equations (5) and (6) respectively. u=2kf is the linear absorption coefficient
for absorption imaging. r is the length of the block of material.

AE = Ey(1-e 7Py ©)

AL=|Ey ! = Ege™™ P=Ig ~Lye " = Ip(1-¢ ™) 6)

The second part of the refractive index is the real part o . The real part describes the change
in wavelength of the X-rays inside the material. The change in wavelength causes a phase
difference between the X-rays that pass through the material and the X-rays that do not.
This change in phase is,
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AD =5k-r 7)

In general this can be rewritten as,
AD = k[ 5(x,y)-dr =k[5(x,y)-dy 8)

The change in phase also results in a change in direction of the X-rays as seen in Figure 1.
The angular change in the direction is given as,

a=0(]8(x,y)dy) / ox 9)

From the derivations above we now see how the real and the imaginary parts of the
refractive index describe the behavior of X-rays as they pass through the material. These
descriptions can be used to determine how to measure the real and imaginary parts of the
refractive index, which are corresponding to phase contrast imaging and the conventional
attenuation-based imaging (Jensen 2010).

Fig. 1. Phase shift and attenuation of a wave in a medium. Inside the medium with refractive
index n=1-0+if the wave get phase shifted with respect to the wave propagating in free
space, as indicated by red lines, and attenuated, as indicated by green lines. Figure adapted
from (Jensen 2010).

3. Why is phase contrast imaging?

The complex refractive index of the sample implies the features of phase contrast imaging
and the conventional attenuation-based imaging.

From equations (1) and (2), we see that the ratio between the two cross sections o, and o,
is given as

o,/ 0,=(20)/ P (10)

In Figure 2(a) the refractive index per mass unit is plotted for elements with atomic number
lower than or equal to 20 for a number of different x-ray energies (data from Henke et al. ,
1993). For water at 23.0keV, §=4.36x10" and f=2.20x10"". In Figure 2(b) the ratio
between the phase shift cross sections and the absorption cross sections is plotted. We see
that the ratio is in the range 10° —-10* (for water at 23.0 keV, o, / o, =3.97x 10°). The cross
section for the phase shift is thus 2-4 orders of magnitude greater than the cross section for
the absorption.

It is this large difference that is one of the motivations for performing phase contrast
imaging, as phase contrast imaging has the potential to deliver contrast that is orders of
magnitude better than standard absorption images. Phase contrast imaging is especially
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beneficial for soft tissue as it mainly consists of materials of low atomic number (C, O and
H). From Figure 2(b) we also see that except for the lowest atomic numbers the cross section
ratio increases with energy (Jensen 2010).

8lp,_and Bip_, [cm™/g] o o = 28/
(3) . m Im , (b) | P gl

107 L,

— 176kaV|| | 2-He
| —230keV|
30,0 keV

107

0 5 10 16 20 %9 5 10 15 20
Atomic number Atomic number

Fig. 2. Refractive index. (a) The real part (8) and the imaginary (B) part of the refractive index

per mass unit are plotted for various elements at various energies. (b) The ratio between the

phase-shift and the absorption cross sections is plotted for various elements at various

energies. Note that the ratio is between 102 =104 for these low Z elements, and except for the

lowest atomic number this ratio increases with energy. Figure adapted from (Jensen 2010).

4. Several phase contrast imaging methods

Above we see how the derivative of the phase could be determined by measuring the
change in direction of the X-rays. To determine the phase shift one method is thus to
measure the change in direction of the X-rays. There currently exist several ways to probe
this change, depicted in figure 3. In the following we will introduce them briefly.

Si Si Si

Sample

—_—
—
T
—

N

7

(o o
X-rays

(@) Crystal interferometer (b) Analyzer based imaging
Sample Si Si/Au_
Sample =
- e — — £

Detector positions

(c) Propagation based imaging (d) Grating based imaging

Fig. 3. Schematic drawing of several phase contrast imaging methods. Figure adapted from
(Bech 2009).
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4.1 Crystal interferometer

Crystal interferometers were first used for imaging by Bonse & Hart (1965). The method
uses a number of crystal reflections to split an X-ray beam in two and let one part of the
beam pass through the sample before the two beams are recombined. A sketch of a crystal
interferometer set-up is shown in Figure 3(a). The method has later been extended to cover
tomography (Momose 1995, Momose et al. 1996). As the method is based on the optical path
length difference between the two beams, there are very stringent requirements to the
stability of the interferometer. The interferometer has to be stable to better than a part of the
X-ray wavelength (Momose 2003b). Resolving the stability issue can be aided through the
use of monolithic crystal optics. Using Bragg reflections from crystals the method is limited
to a temporal coherence of A4/ 1 —107*. A high degree of spatial coherence is also needed
(Momose 2003b).

The method is very good for synchrotron use and high resolution studies. It was originally
demonstrated with a laboratory X-ray source (Bonse & Hart1965), but the temporal
coherence limits the available flux. The method is limited in the field of view by the size of
the crystal optics. The widespread use is also limited by the need for stability where small
vibrations can change the optical path length enough to disturb the measurements.

4.2 Analyzer based imaging

As a well collimated X-ray beam passes through a sample, the beam is slightly refracted. In
analyzer based imaging (ABI) the refraction is imaged using the Bragg reflection of one or
multiple analyzer crystals. A sketch of an ABI setup is shown in Figure 3(b). The method
measures the derivative of the phase. The method was first introduced by Goetz et al. (1979),
Ingal & Beliaevskaya (1995), Davis et al. (1995), Chapman et al. (1997). Chapman et al. (1997)
demonstrated that it is possible to determine the phase quantitatively for pure phase objects.
Later the same was shown in general (Pagot et al. 2003, Wernick et al. 2003, Rigon et al.
2003). The method is difficult to extend to tomography as the crystals are normally aligned
such that the derivative of the refractive index is measured in the direction parallel to the
tomographic axis. The tomographic reconstruction thus provides the out-of-plane derivative
of the phase 05(x,y) / 0z and the apparent absorption reconstruction.

If the method is to be used with a laboratory source the main limitations are the need for
temporal coherence, which limits the available flux. Due to the diffraction angles and sizes
of the analyzer crystals the field of view will normally also be limited.

4.3 Propagation based imaging

A different approach to phase imaging is propagation based phase contrast (Snigirev et al.
1995). The propagation based imaging (PBI) is in many senses the simplest kind of phase
contrast imaging, as no optical elements are required in the beam and the constraint on
spectral width is relaxed (Wilkins et al. 1996, Cloetens et al. 1999a). PBI rely on interference
fringes arising in the free space propagation in the Fresnel regime, as illustrated in figure
3(c). The measured intensity fringes are thus not a direct measure of the phase like the
crystal interferometer, but rather the Laplacian of the phase front (Cloetens et al. 1997).

In order to achieve interference of the propagating beam, a very high degree of spatial
coherence is required, and a high resolution detector is needed to observe the fringes. A
series of images is then recorded at different propagation distances in order to
unambiguously determine the phase of the wave front.
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This method is particularly good at edge enhancement, and is hence well suited for e.g. fiber
samples, foam or localization of non-homogeneity in metals (Cloetens et al. 1999b) also in
tomography setup. But for imaging of soft tissue and small density variations this method is
not optimal (Nesterets & Wilkins 2008).

4.4 Grating based imaging

Grating based imaging (GBI) or shearing interferometer is a fourth approach to phase
contrast imaging (Clauser 1998). It is related to the crystal interferometer in the sense that it
consists of a beam splitter and a beam analyzer, and GBI is related to ABI by the fact that the
first derivative of the phase front is measured. GBI has previously been applied to visible
light phase contrast (Lohmann & Silva 1971), and has recently been applied to X-ray
imaging as well (David et al. 2002, Momose et al. 2003a, Pfeiffer et al. 2006).

The beam splitter grating splits the beam by diffraction, but the diffraction orders are
separated by less than a milli-radian, and the diffracted beams are hence not spatially
separated, but will interfere to create an intensity pattern downstream of the beam-splitter
at a distance defined by the Talbot effect (Talbot 1836, Weitkamp et al. 2005), see figure 3(d).
Refraction in a sample is measured by detecting the transverse shift of the interference
pattern with a high resolution detector or an analyzer grating.

Tomographic reconstruction of the differential phase is possible even without initial
integration to retrieve the quantitative phase shift (Pfeiffer et al. 2007), and this kind of
tomographic reconstruction has turned out to be an advantage to local tomography (Pfeiffer
et al. (2008)).

5. Phase contrast computed tomography

The quantity that serves as imaging information is not the distribution function of the real part
o of the refractive index, but its projection along the propagation direction of X-ray beam. In
order to implement the quantitative analysis, d should be reconstructed from the measured
projections. Phase contrast computed tomography consequently appears as the result of the
efforts to combine phase contrast imaging with computed tomography. There are mainly three
kinds of PC-CT which are based on ABI, PBI and GBI. In the following we will present them.

5.1 PC-CT based on ABI

This kind of PC-CT adopts two scanning configurations to acquire phase projection data,
depicted in figure 4. In the case of figure 4(a), the incidence direction of X-ray is parallel to
lattice plane. The angular change in the direction is given as,

o =[(05(x,y,2) / ez)dl (11)

In this case, the value 06 /0zkeeps invariant under all the projection view angle. It is
similar to the conventional absorption-based CT. So the classical CT algorithms could be
adopted to reconstruct the distribution of 06 / 0z, such as filtered back-projection algorithm
(FBP) and algebraic reconstruction technique (ART).

In the case of figure 4(b), the incidence direction of X-ray is perpendicular to lattice plane.
The angular change in the direction is given as,

a=(05 / ox,)dl (12)
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X, =XCOS@+Yysing (13)

In this case, the value 06 / 0x, always changes under different projection view angle ¢ . This
is against the principle of Radon transform and the classical CT algorithm can not be
adopted to reconstruct the phase CT images.

There exist two methods to resolve this question. The first one applies the cubic spline
integral to retrieve the value J.&ll from the measured angular change o and the classical
CT algorithm to reconstruct ¢ (Huang 2006).

The second one is based on an assumption which is expressed as,

acosp = I(aé(x,y,z) / 0x)dl (14)

Under this assumption, the value 06 / 0x keeps invariant under all the projection view angle
@ . It is similar to the conventional absorption-based CT. So the classical CT algorithms
could be adopted to reconstruct the first-order partial differential 60 / 0x .

5.2 PC-CT based on PBI

Figure 5 gives the scanning configuration adopted by this kind of PC-CT. In this case, no
optical device is used except the coherent X-ray source.

According to the Transport of Intensity Equation (TIE), the intensity distribution I, ,(x,y) at
a distance z from the sample and angle of rotation ¢ can, for weakly absorbing samples
and distance d in the near Fresnel region, be expressed as (Nugent 1996, Xu & Liu 2003),

Lp,a(x,y)=1,0(1=(2d / 2/ 7)-V?D(x,y)) (15)

where [, (x,y) is the absorption contrast intensity measured at z=0.

5 Detector
| Object
§tg 7 ® \f‘
o : z Analyzer
Collimator Monochromator
(a)
Analyzer
Y v . Object
Detector

SLS

|
Collimator “Monochromator
(b)
Fig. 4. Two scanning configurations adopted by PCT-CT based on ABIL
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Sample

=o{ ¢

Detector positions

X-ray

Fig. 5. The scanning configuration for PBI PC-CT.

Based on this equation, a reconstruction algorithm is deduced, which is similar to the
conventional FBP, and expressed as (Bronnikov 2002),

1 T * %
e LA (16)
0
8p = Ico,d / Irp,O -1 17)
q=|y|/ x*+y?) (18)

Where the filter function gis convolved with the data g,. This convolution can easily be
implemented in the Fourier domain where the filter has the following form:

Q=|¢|/ (&2 +n?) (19)

In the numerator of this filter, one can recognize the ramp filter |&| of standard FBP. For easy
implementation, the filtering is done separately where only the denominator is retained,
because the ramp filter is implemented in the FBP reconstruction software. This reduces the
algorithm to one extra filtering step in the reconstruction progress (Boone 2009).

In this algorithm, it was assumed that g, is known. For a cone beam scanning
configuration, g,can not be calculated because of the changing magnification, except for
objects with no absorption, i.e. pure phase objects. For weakly absorbing objects, this
problem can be partially corrected by adding a correction parameter to the filter

Qcor:|§|/(§2+n2+7) (20)

as suggested by Groso et al. (2006), who named this algorithm the Modified Bronnikov
Algorithm (MBA). A similar algorithm, the TIE phase retrieval, was derived by Paganin et
al. (2002) and successfully applied by Mayo et al. (2003). When the assumption of a
homogeneous object is made, the presence of the parameter 7 can be derived directly from
the TIE. The value of this parameter is determined using a semi-empirical approach. A too
small constant leads to blurry results, where a too large constant eliminates the filter. Based
on a single filtered projection, a good compromise can easily be chosen for the best results.

5.3 PC-CT based on GBI
Figure 6 gives the typical scanning configuration adopted by this kind of PC-CT. It usually
uses a two-grating interferometer to retrieve the phase shift signal. When an incoherent X-
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ray source is adopted, a three-grating interferometer can be adopted to provide the retrieval
of the phase shift signal. It permits the use of ordinary incoherent X-ray sources and has a
much better potential to clinical applications and industrial non-destructive testing than
other methods. In the following we will present this method in detail.

Sample 51 /Au_

I

Detector

Fig. 6. The PC-CT scanning configuration with a two-grating interferometer.

5.3.1 Grating interferometer

Here we focus on the grating interferometer consisted of two x-ray gratings. A sketch of the
grating interferometer can be seen in figure 7. The first grating is a beam splitting phase
grating, G1. The grating is designed with a 0.5 duty cycle, such that the width of the phase
shifting part of the grating is half of the period, gl of the grating. The grating is designed so
that the phase shift part of the grating introduces a 7 phase shift at the selected energy.
Using these parameters it can be shown that the grating produces a box shaped interference
pattern of alternating high and low intensity at uneven fractional Talbot distances, d;™,
behind the grating (Jensen 2010). The fractional Talbot distance is given as,

2

4 =nS 1)

Figure 7 shows an example of how the interference behind such a phase grating will be if

the incoming beam is a plane wave. We note that the maximum intensity variation takes

place at the uneven fractional Talbot distances. We also note that the period of the

interference pattern is half the period of the phase grating. In Figure 7 the 5th, 9th and 11th

fractional Talbot distances are marked with red dashed lines. These three distances are often
selected as the experimental parameters.

5.3.2 Phase retrieval

If an object is placed in front of the phase grating it will change the intensity and the
direction of the x-rays as described by the refractive index and explained above. As the
direction of the x-rays changes, the vertical position of the interference pattern will also
change. The principle idea of the grating interferometer imaging method is thus to
determine the refraction of the x-rays through the sample, by performing measurements
with and without sample and determine the change in position of the interference pattern
caused by the sample.
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One way to measure the position of the interference pattern is to use an analyzer grating.
This grating, G2, has a duty cycle of 0.5 and a period that is matched to the period of the
interference pattern g2 (see Figure 7). The idea is then to scan G2 in small increments
perpendicular to the grating lines to detect the position of the interference pattern. An

x-rays G1 G2 Detector
—

— %
pr—— x
—_— =
—_—

— |
—

— o
—r 2
—

m—p ||

1 3 5 7 9 11 13 15
Fractional Talbot distance, d{fJ

Fig. 7. The two-grating interferometer. On the left a phase grating, G1,of period, g1, splits
the incoming plane wave. As a result an interference pattern is produced behind the grating.
At uneven fractional Talbot distances, the interference pattern produces lines of alternating
high and low intensity. The intensity pattern can be analyzed using an absorption grating,
G2, of period g2 = g1/2. Depending on the alignment of the second grating it will either
block or transmit the x-rays. A detector is placed behind the second grating. By scanning the

second grating the position of the interference pattern can be determined. Figure adapted
from (Jensen 2010).

example of the result of scanning G2 is shown in Figure 8. When G2 is aligned with the
interference pattern all the x-rays will pass through the grating and high intensity will be
recorded in the detector (Figure 8(a)). When G2 is moved half a period most of the x-rays
will be absorbed, and low intensity will be recorded in the detector (Figure 8(c)). It can be
shown that for real life set-ups the intensity variations when scanning one of the gratings
will be well approximated by a first order Fourier expansion (Pfeiffer et al. 2008),

{bJ _ l[xg = g-"4) . (c) I{xﬂ = g,/2) (d) Phase stepping scan

Fig. 8. Stepping the grating. (a)-(c) Projections of a fish for the grating positioned at xg = [0;
g2/4; g2/2] respectively. (d) Plot of the intensity in three pixels as a function of the grating
position. The three points are marked in panels (a)-(c). Note how the phase and amplitude
of the oscillation varies. Figure adapted from (Jensen 2010).
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I(j k,xg) = iﬂn(jfk)COS(zg—ﬁxg = u(J,5)) = ag (7, ) + 01(j/k)COS(2;l—ﬂxg ~4(j.k)  (22)
n=0 2 2

where (j, k) refers to the pixel numbers, a, are the amplitude coefficients, ¢, the
corresponding phase coefficients. An example of such an intensity variation is seen in Figure
9. The parameter a, describes the average intensity, a; the oscillation amplitude and ¢, the
position of the interference pattern.

Itx,)
A DN

Fig. 9. Intensity variation in a single pixel. Figure adapted from (Jensen 2010).

In order to determine the refraction caused by the sample, it is necessary to include in the
image processing a set of reference images recorded with an empty beam. The reference
images are recorded during a phase stepping scan as described above under conditions
identical to those recorded of the sample. From the reference images and the sample images,
we get a set of parametersq,,a, andg¢,. If we denote the parameters obtained from the
reference beam with a superscript r and those from the sample with a superscript s, we
can retrieve the relative absorption, phase shift and visibility images as (Bech 2009),

ay=ay’ / ay’ (23)
sl=¢ /¢’ (24)
I (25)

s r
¢0 nodd Ay

In figure 10 an example of the three types of images produced with a grating interferometer
is presented. The imaged specimen is a small fish. We can now see the individual strengths
of the three different imaging modalities. The absorption image (Figure 10(a)) is the classical
x-ray image, showing both the tissue and the bone of the fish. Figure 10(b) shows the
differential phase contrast image. These images illustrate how the phase contrast can
provide added contrast especially for soft tissue as described in the beginning of this
chapter. Finally the dark field image (Figure 10(c)) shows that the micro-structure of the
bones produces a lot of scattering. The dark field signal thus delineates the bones even more
clearly than the standard absorption image.

5.3.3 Tomographic reconstruction from phase data
In this kind of PC-CT, the experiment configuration provides the line projections of the
partial derivative of the object function. In this case tomographic reconstruction based on
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the conventional FBP using the standard Ramp linear filter function will not result in a
correct reconstruction of the original object function.

(@)  Transmission (& 1 ap) (b)  Phase shitt (4° - ) (C) wisinility, (afiaz) / (afap)
- 1 -

0.85 08
0.9
0.6
E
E 0.85
4 0.4
0.8
0.2

] 0.7

Fig. 10. Three types of images are recorded with the grating interferometer. (a) The

transmission, which is the standard x-ray absorption contrast image. (b) The differential
phase contrast image, which is very sensitive to e.g. soft tissue. (c) The dark field image,
which shows the scattering structures of the sample. Figure adapted from (Jensen 2010).

Franz Pfeiffer et al(2007) proposed a reconstruction resolution for this question, expressed in
the following equations. The procedure is the same as that to reconstruct absorption data,
except for the imaginary filter 1(v) replacing the Ram-Lak filter |r| .

T

S(x,y) = [FT T (FT(a,(r)) - h(v))de (26)
0

i) =l @)

2riv

This reconstruction resolution can be extend to three dimensional imaging by replacing the
Ram-Lak filter |r| in the standard Feldkamp algorithm with the imaginary filter h(v) . After
this replacement we can obtain the three dimensional distribution of the real part of the
object’s refractive index.

6. Discussion

PC-CT uses the phase shift as the imaging signal and may provide better contrast in soft
tissue and low atomic number samples. In this chapter, an overview of PCI and PC-CT
methods was presented. The approach using grating interferometer permits the use of
ordinary X-ray sources and has brought a break-through for various applications, such as
clinical diagnosis, material evaluation and non-destructive testing. The practical application
of X-ray PC-CT is becoming a reality with this technique.

To push the application of PC-CT based on ordinary X-ray source and grating
interferometer, many questions still need to be resolved. For example, a common and
matured theoretical basis, including three aspects of physics, mathematics and engineering
techniques, should be created. A high-speed phase signal retrieval method should be found
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to reduce the exposure time and improve the efficiency. The fabrication technique
of gratings should be developed to decrease the cost and improve the manufacture
capability.

Additionally, PC-CT should be also combined with other visible light imaging methods to
improve further the imaging resolution and contrast. We believe that nanometre resolution
PC-CT will appear in several years.
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