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Summary: Edge illumination (EI) is an established x-ray phase-contrast imaging method that relies on gratings to obtain attenuation, phase and dark field contrast. Despite the successful transition from synchrotron to lab sources, the cone-beam geometry of lab systems limits the effectiveness of conventional gratings. The non-parallel incidence of X-rays on planar gratings with equally sized apertures introduces unwanted shadowing effects. In this paper, a grating design with optimized position-dependent apertures is introduced and compared to a conventional grating and a grating with fan-beam shaped gratings bars. Numerical simulations show that this optimized-aperture design must be considered when constructing an EI setup.
Introduction
Edge-illumination (EI) is an x-ray phase-contrast imaging method that relies on gratings to obtain attenuation, phase and dark field contrast. EI finds its origin in synchrotron radiation experiments with parallel beam sources [1], but has gradually evolved towards lab systems [2]. However, the cone beam geometry of lab systems limits the effectiveness of using conventional planar gratings with equal apertures. Indeed, while the grating apertures are designed for parallel-beam imaging, cone beam X-rays might deviate significantly from such a geometry, resulting in  an intensity decrease towards the detector edge, known as the shadow effect [3,4]. Besides a loss of flux, shadowing also reduces contrast and restricts the field of view and the design parameters of the grating [4,5]. In this paper, we study optimized-aperture (OA) gratings and compare them to conventional gratings and gratings with fan-beam shaped grating bars (sheared gratings), of which the latter was the optimal choice according to our previous study [4].
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Figure 1: a) An EI setup. b) OA gratings. c) Conventional gratings. d) sheared gratings.
Method
The gratings are evaluated using the Monte-Carlo software GATE. The simulation setup contains a source, sample, detector, and two gold-plated gratings, as shown in Fig.1a. A source-to-detector distance of 1800 mm and a grating magnification factor of 3/2 is used in the simulations. The source is a polychromatic (60kV) cone-beam source with a finite spot-size of 34×10 μm2. For a line-detector consisting of 3201 pixels of 150 μm, this geometry results in a cone angle of 15.2◦. Each Monte-Carlo simulation in GATE uses 2·108 photons and the illumination curve is sampled at 5 phase-steps for every flat field and projection. The phantom is an aluminum cylinder, positioned at the edge of the field of view. The OA grating is shown in Fig 1b). While the grating period stays constant, the size of the apertures linearly increases towards the edge of the field of view, hereby compensating the flux loss by broadening the beamlets. The OA grating is compared to a conventional grating (Fig. 1c) and a sheared grating (Fig 1d).
Experiments & results
The effectiveness of the gratings is evaluated based on four experiments, of which the results are shown in Table 1. In the first experiment, the gratings are compared based on the intensity of the flat field. The flat field intensity of OA gratings is comparable to sheared gratings: slightly lower at perfect alignment, slightly higher at the outer phase-step. The second experiment evaluates the loss in attenuation contrast due to beam hardening, by comparing the maximal attenuation contrast of the phantom. While a loss is observed compared to sheared gratings, the loss in attenuation contrast of OA gratings is significantly lower compared to conventional gratings. The third experiment compares the peak-to-peak contrast-to-noise ratio (p2pCNR)[5], which is obtained by dividing the difference between the phase contrast peaks of the phantom by the phase contrast variance. The OA gratings have a lower p2pCNR than sheared gratings, but higher than conventional gratings. The fourth experiment compares the gratings on contrast precision, by calculating the standard deviation of the phase and attenuation contrast in the centre of the phantom over 50 simulations. The contrast precision of OA gratings is significantly better than conventional gratings and comparable to sheared gratings: the attenuation contrast standard deviation is slightly lower but the phase contrast standard deviation is slightly higher.
	 
	Intensity[photons/pixel]
	attenuation contrast
	p2pCNR [106]
	Contrast standard deviation

	
	Phase-step
	Aligned
	
	
	Attenuation
	Phase [µrad]

	conventional
	468
	2461
	0,65±0,08
	5,7±1
	0,080
	0,690

	sheared
	1811
	5862
	1,85±0,02
	50±4
	0,016
	0,134

	OA
	1939
	5649
	1,35±0,02
	42±4
	0,014
	0,145


Table 1: Results of the four experiments: flatfield intensity, attenuation contrast, peak-to-peak contrast-to-noise ratio and contrast precision.
Conclusion

Conventional EI setups suffer from shadowing, which causes a reduction in detected flux, lower contrast, and setup parameter restrictions. This paper studies an OA grating, that significantly reduces the shadow effect, while retaining the ease-of-use of conventional gratings. A comparative study of the flux, attenuation contrast, p2pCNR, and contrast precision shows that the grating outperforms conventional gratings. Although sheared gratings still perform better, the benefits of ease-of-use of OA gratings will outweigh in certain cases the limited differences in performance.
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