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Phase Contrast Imaging in Laboratory
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Abstract
Since Roentgen's discovery of X-rays, just over a century ago, the vast majority of radiographs have been
acquired and interpreted on the basis of absorption contrast. The recent development of X-ray phase
contrast imaging techniques opens up a new opportunity especially for weakly-absorbing objects. Spatial
and temporal coherence of X-ray synchrotron radiation permits to realize phase contrast imaging with
ideal conditions. But it is possible to set up phase contrast imaging in laboratory. Laboratory phase
contrast imaging can provide new solutions in an industrial context. The aim of this paper is to present the
different solutions to perform phase contrast imaging in laboratory:
− classical micro focus X-ray tube,
− X-ray ultra microscope (XuM) developed by an Australian team
− table top synchrotron developed by a Japanese team,
− multilayer,
− polycapillary.
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1. Introduction
When attenuation coefficients at the boundary between two different materials are too
close (e.g. a variation of density can be compensated by a variation of atomic number),
conventional absorption radiography is not an ideal imaging technique. Phase contrast
imaging could be an innovative technique to increase contrast. The refractive index n of
X-ray can be written as :

n = 1 − δ + iβ .............................................................(1)
δ is the real part of the refractive index :.β is the imaginary part of the local attenuation.
When the refractive index in the sample is heterogeneous, the phase ϕ at the end of the
beam is given by :

ϕ=

2π

λ

∫ (1 − δ )dz

......................................................(2)

where λ is the wave length.
With Fresnel-Kirchoff diffraction formula and taking into account the PSF of the
detector, we can write that the image observed on the detector is proportional to the
Laplacian of the phase ϕ. So if the first derivative of the phase is constant there is no
phase contrast as we can see on figure 1.

Figure 1. Principle of phase contrast

Fringes patterns due to Fresnel-Kirchoff diffraction enhance contrast and permit to
observe some defaults hardly visible with a simple attenuation image as we can see on
figure 2.

Figure 2. On the left, a phase contrast tomographic slice of an aluminium matrix with silicon carbide
particle, on the right the attenuation tomographic slice. The size of the sample is about 1 mm large. The
images were acquired at ESRF ID19 [1].

Phase contrast permits to observe defaults smaller than the pixel size. Indeed even a
very small crack induces a phase variation and a fringe pattern appears. Depending on
the set up conditions, the pattern can be bigger than the pixel size and so can be
observed on the detector. Figure 3 shows this phenomenon. Smalls cracks on the
aluminium matrix are observable by the fringes they cause.

Figure 3.: on the left, a zoom on a part of the tomographic slice presented at figure 2. Thanks to fringes
patterns, it is possible to see cracks with a size smaller than the voxel size. On the right, a zoom of the left
image, we can see clearly fringe patterns on the edge of the silicon carbide particle [1][2].

Fringe patterns are mainly destroyed by the blur induced by the X-ray source size
(spatial coherence) and by the polychromatism of the beam (temporal coherence). In the
case of figure 4, we can write that spatial coherence (noted d):
d=λ

∆
...................................................................(3)
2σ

∆ is the source-sample distance, σ is a source size.
Equation 3 shows that to obtain the best spatial coherence, the source size must be as
small as possible and the source-sample distance as large. Theses conditions are
obtained easily with a synchrotron source (for example the beam line ID19 at European
Synchrotron Radiation Facility in Grenoble, France).

Figure 4. Limits of phase contrast imaging

2. Phase contrast in laboratory
In this part, we present a state of the art of phase contrast imaging in laboratory.
Different devices can be used to perform phase contrast imaging.
2.1 Microfocus X-ray source
The first device is the classical microfocus X-ray tube. As Wilkins and al.[3] have
shown, it is possible to acquire phase contrast imaging with polychromatic X-ray beam.
Figure 5 shows an example of phase contrast imaging with a Hamamatsu microfocus Xrays tube (source size 3 µm, tungsten anode, tension 40 kV, intensity 200 µA, Photonic
Science 9.3 µm pixel size).

Figure 5. Phase contrast imaging with a microfocus X-ray tube. On the bottom left, attenuation image of a
bee, on the bottom right, a phase contrast image of the same bee. The images were acquired with a
Hamamatsu microfocus X-ray tube with a tungsten anode, a source size of 2 µm, tension is 40 kV and
intensity 200 µA.

However a microfocus X-ray source have the disadvantages to produce a polychromatic
spectrum beam with a low photon flux. In order to harden the beam, it is possible to
adapt the anode material and to filter the beam. With recent technology developments,
the source size can be down to 0.5 µm. The cost of these tubes are about 30 to 150 k$.
Table 1 presents these advantages and disadvantages.
Table 1. advantages/disadvantages of a microfocus X-ray source
Disadvantages
polychromatic

advantages
small source size
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low flux (8 10 ph.mm for 1 m source severals anode possible
distance for a 7 µm source size)
price 30 – 150 k$
tension adaptable

2.2 Ultra microscope
The X-ray ultramicroscope (XuM) is developed by the australian society XRT Ltd. It is
based on a scanning electron microscope (SEM). The XuM exploits the fine focus of the
microscope electron gun to generate a microfocus X-ray source. Figure 6 shows a
diagram of the XuM.

Figure 6. diagram of the XuM developed by XRT Ltd [4]

The XuM presents the advantages to have a very small source size with a large variety
of anode types which allows to obtain very high resolution images. But, as in the
microfocus X-ray source, the beam is polychromatic and the flux is very low. Also the
maximum tension is limited by the SEM. The cost of the XuM without the price of the
SEM is about 160 k$. Table 2 summaries these advantages and disadvantages.
Table 2. advantages/disadvantages of the XuM
disadvantages

advantages

polychromatic

small source size

low flux

severals anode possible

price 160 k$ (without the SEM)

very good resolution (50 nm)

need a SEM

low energy imaging

maximum tension limited by the SEM
2.3 Table top synchrotron
H. Yamada from the Synchrotron Light Life Science Centre, Ritsumeikan University
Kusatsu-City (Japan) and the corporation Photon Production Lab. Ltd. have developed a
portable synchrotron [5]. It is composed of a microtron injector and a circular
synchrotron ring. A small target placed inside the synchrotron ring on the electron
trajectory generates X-rays (see figure 7).

Figure 7. On the left, the table top synchrotron developed by Photon Production Laboratory. On the right,
phase contrast imaging of a dragon fly.

This device can produce a very high photon flux with an energy range is from a few
keV to 6 MeV with a 10 µm target size (see table 3). The main disadvantage of this
device is its cost of 2.5 M$.
Table 3. advantages/disadvantages of the table top synchrotron
disadvantages

Advantages

polychromatic

source size : 10 µm

price 2.5 M$

high photon flux (2.5 1011 ph.s-1.mrad-2
.mm-2/0.1%λ at 30 keV)
spectrum : severals~keV- to 6 MeV
Mirrorcle6X

2.4 Multilayer X-ray optics
Using Bragg diffraction and a microstructural composition, multilayer X-ray optics act
as a X-ray mirror for a given energy. With a specific geometry, these mirrors are able to
collect the photon beam on a large solid angle and to transform a conic beam on a
parallel beam (figure 8). Due Bragg diffraction the emitting beam can be considered as
monochromatic. However, the emitting beam size is quite small (typically a few
millimeters large) and the divergence can be quite considerable. But recent
developments of multilayer X-ray optics allow a partially coherence preservation. Table
4 summaries these advantages and disadvantages.

Figure 8. On the left, an example of a X-ray multilayer. On the right multilayer diagram.

Table 4. advantages/disadvantages of the multilayer
disadvantages
2

beam size (about 1 mm )

advantages
monochromatic

divergence (typically 8 mrad, source 25 Increase of the photons flux
µm)
partially coherent beam

parallel geometry
price 10 k$

2.3 Polycapillary
Polycapillary optics are composed of multichannel capillary. Each X-ray capillary use
the principle of multiple external reflections to create a wave guide (see figure 9). Like
multilayer, Polycapillary can collect photon in a large solid angle and can produce a
parallel emitting beam. The emitting beam size is quite small (typically millimeter
large) and the divergence can be quite considerable. Contrary to multilayer,
polycapillary does not produce a monochromatic emitting beam. Table 5 summaries
these advantages and disadvantages.

Figure 9. On the left, paralleling polycapillary diagram. On the right, SEM image of a polycapillary

Table 5. advantages/disadvantages of the polycapillary
disadvantages

advantages

beam size

Increase of the photons flux

polychromatic

price
parallel geometry

3. Conclusions
The synchrotron radiation remains the best tool for the phase contrast imaging (strong
photons flux, spatial and temporal coherence) but many different devices are now
available to set it up in a laboratory context.
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