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Summary: Edge illumination x-ray phase tomography acquires three-dimensional images of both the real and
imaginary parts of the sample refractive index. This is important because significant contrast is contained in
the real part and it is invisible to conventional x-ray computed tomography. The edge illumination method can
be implemented with conventional x-ray sources making it well suited to real world applications.

1. INTRODUCTION

Conventional x-ray computed tomography (CT) relies upon contrast derived from the attenuation of x-rays
as they propagate through a sample. Such conventional x-ray CT has proven to be highly effective and is
used across a very broad range of applications including medical imaging, mineralogy, non-destructive testing,
materials science and cultural heritage, to name just a few. However, in addition to attenuation, x-rays also
undergo refraction, which have proven to be very useful sources of contrast. X-ray imaging techniques sensitive
to refraction are generally referred to as x-ray phase imaging (XPI) techniques. The advantage of XPI over
attenuation based imaging is sometimes described in terms of refractive index, defined in the x-ray regime as
n = 1− δ+ iβ. Using the geometrical optics approximation, a ray propagating a distance ∆z in a homogeneous
material with refractive index as defined previously, will experience a reduction in magnitude of exp(−k0∆zβ)
and phase change of −k0∆zδ, relative to the same ray propagating in a vacuum, where k0 is the wave number
of the ray. The ratio of δ/β can be as high as 103 [1], which is cited as the reason why XPI often provides
images superior to those obtained using conventional CT. However, arguably the most compelling reason for
employing XPI is that there now exists a large number of images, obtained using one of a variety of XPI
technqiues, showing that XPI frequently results in image contrast superior to that obtained using attenuation
based imaging.

Phase perturbations cannot be directly detected and so it is necessary to use either interference or optical
elements which transform changes in x-ray propagation direction into changes in x-ray intensity. Existing
methods for performing XPI which employ one, or both, of these approaches include the so-called free-space
propagation [2], Talbot-Lau [3], analyser based [4] and edge illumination (EI) methods [5]. The strengths and
weakness of each technique are contrasting, however, the EI method developed at UCL imposes relatively weak
restrictions on the coherence of the x-ray source. This allows for relatively high flux imaging and, therefore,
relatively short image acquisition times, even away from the synchrotron. The EI technique has been applied
to a variety of applications including composite materials, homeland security, medical imaging, biomaterials,
regenerative medicine, digital histology and intra-operative imaging.

2. EXPERIMENTAL METHOD

The EI method employs an aperture upstream of the sample to create one or more beams of x-ray radiation
which are narrow along one dimension transverse to the direction of x-ray propagation. When a sample is placed
between this aperture and a detector, a beam may be refracted by the sample and this refraction is detected
using one of several approaches, since it leads to a spatial redistribution of energy at the detector. A single beam
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thus allows for the acquisition of one column of an image. A two-dimensional image may be acquired by either
scanning the sample through the beam, and/or, by employing an array of such beams. A three-dimensional
image is acquired by rotating the sample and performing CT reconstruction. Aside from making efficient use of
the source flux, the lower limit of the aperture width is determined by the need to ensure that the aperture itself
does not lead to significant diffraction. The Fresnel number F = a2/(∆zλ) [6], can be applied to this application
where a is the aperture width, ∆z is the propagation distance from aperture to detector and λ is the wavelength.
Although no specific limit exists, F > 1 is a minimal requirement to ensure that the detector remains in the
Fresnel zone of the aperture. Although several implementations of the EI method have been demonstrated, we
consider here a system described previously for performing multi-modal phase-based x-ray microtomography
[7] which employed a rotating tungsten anode source operating at a tube voltage of 46 kV(peak). The distance
between the source and the aperture was 1.68m and the detector was placed a further 0.34m downstream. The
apertures had an opening of width 9µm resulting in a Fresnel number, which varied throughout the source
spectrum, within the approximate range 4 . F . 9. Due to the lower bound of Fresnel numbers approaching 1,
the approximate boundary between the Fresnel and Fraunhofer regions, a beam tracking approach was used to
measure the refraction of the beams. In particular, a CCD camera employing a fiber coupled Gadox scintillator
was used which with a 4.54 µm effective pixel size meaning that each beam spans several pixels on the detector.

3. RESULTS

We present a sample CT reconstruction of δ for ground coffee using the system described above. Figure 1a)
shows an entire reconstructed slice whilst b) presents an expanded view, magnified by a factor of 10 relative
to a). Also in shown in Fig. 1 is a scanning electron microscope image of ground coffee from the same batch.
The comparison between the CT slice and electron microscope image illustrates that both imaging techniques
predict approximately the same length scale of pores within the coffee.
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Figure 1: (a) Reconstructed CT slice of δ for ground coffee, covering a range [0, 7×10−7]. (b)(left)An expanded
view of the slice in (a). (b)(right) A scanning electron microscope image of ground coffee.


