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Abstract-Edge illumination is an X-ray phase-contrast
imaging technique capable of quantitative retrieval of phase and
amplitude images. The retrieval of the ultra-small-angle X-ray
scattering was recently developed and implemented with the
area-imaging counterpart of an edge-illumination system,
sometimes referred to as coded-aperture. This is an incoherent
and achromatic technique, well suited for translation of the
potential of X-ray phase contrast imaging into efficient
laboratory-scale setups. We report on recent advances of these
developments along two main directions. One relates to the
expansion of the technique with respect to the data analysis and
corrections that are required when non-ideal optical elements are
used and optimized sampling strategies. The second is directed
towards high-resolution and high-energy implementations. A
laboratory-based prototype for high-energy X-ray phase-contrast
microscopy was built and its performance was modelled and
experimentally characterized.

. INTRODUCTION

-RAY phase contrast imaging (XPCI) has the potential to

transform applications of X-ray imaging in many fields,
including medicine, biology, material sciences and security
inspections. Following pioneering studies with synchrotron
and microfocus X-ray sources [1-8], methods have emerged
which enable the implementation of XPCI with conventional
laboratory sources [9,10]. We report here on the recent
developments of edge illumination [7] and its laboratory-based
counterpart, sometimes also called coded-aperture [10] XPCI.
Edge illumination and coded-aperture are XPCI techniques
capable of quantitative retrieval of absorption, phase [11], and
ultra-small-angle X-ray scattering [12]. They were shown to
be incoherent and achromatic, enabling an efficient
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implementation also by using standard rotating anode X-ray
tube sources [13-15]. They require two absorbing masks, with
relatively large pitches, matched with the detector such that a
one-to-one relationship exists between each of the apertures in
the masks and columns of the detector pixels. A laboratory-
based system built in this way provides high sensitivity, it is
efficient with respect to the dose delivered to sample and it
robust against environmental vibrations and thermal stress
[16-19]. The method was recently extended from planar to
three-dimensional imaging, using both synchrotron radiation
and laboratory-based X-ray sources [20-22]

Il. MATERIALS AND METHODS
The typical experimental set-up is depicted in Fig. 1. An X-
ray beam, generated by a rotating anode tube, is shaped by the
pre-sample mask, traverses a sample and it is analyzed by the
detector mask before being recorded by the arrays of pixels of
a digital detector.
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Fig. 1. Sketch of the experimental setup. An X-ray beam generated by a
rotating anode X-ray tube is shaped into an array of independent laminar
beams by an absorbing mask that is positioned before the sample. This array
of beams is then analyzed by a second mask before being recorded by a digital
detector.
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The masks are composed of absorbing material, typically gold,
with apertures that allow for the transmission of X-rays,
effectively shaping the beam into an array of laminar beams.
The substrate used in the fabrication of the masks is usually
graphite, in order to maximize the transmission through both
the pre-sample and the detector masks. The masks are aligned
such that each of these laminar beams impinges on the edge of
the apertures in the detector mask.

Absorption, refraction and ultra-small-angle X-ray scattering
in the sample are measured by tracking the changes in the
shape and position of each of these laminar beams. When an
extended source is used, the image formation can be described
by using geometrical optics and considering each aperture
independent from each other [12]:
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where [ is the intensity that passes through the pre-sample
aperture, t is the fraction of intensity transmitted by the object
and O(x) is the function describing the scattering introduced
by the sample. When refraction occurs, the detector aperture
appears shifted by an amount Ax, = —A46 z,, with respect
to the beam (z,, is the distance between the object and the
detector and 46y, is the angle of deflection): this is due to the
deflection of the beam locally caused by the refraction in the
sample. The illumination function L(x) describes the change
in the detected beam intensity as a function of the
displacement x between pre-sample and detector mask. By
acquiring three images by setting the masks to different offsets
one with respect to the other (x, =0 and x; = —x3), the
system of equations [12]:

A x — Axg)?
L[ =t—= exp —# ;i=123 (2
V2magy 204y

can be analytically solved for t, Axy and a2, when a single-
Gaussian approximation is chosen for the illumination
function L(x) = Ay(1/4/2m0}) exp(— x2/20%) and for the
scattering function 0(x) = Ay (1/y/2maZ Yexp(— x%/207).
One problem that was encountered is that, if the illumination
function does not reach zero at the tails, the retrieval cannot
correctly separate the contributions to the projection images
coming from absorption, refraction and scattering. A single-
Gaussian term reaches zeros on the tails of the distribution
thus, if an offset is present in the illumination function, there is
an excess of intensity that it is not accounted for by using Eq.
(2). This can be taken into account by modifying Eq. (2) in the
following way [23]:
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where ¢ indicates the offset of the illumination function,
which is assumed to be known, at least by experimental
measurement. This system can be solved by iteratively
correcting for the quantity tc directly in the projection images.
The transmission of the sample t is usually unknown but it can
be calculated the first time using the solution of Eq. (2) and
then iteratively refined by using the set of equations [23]:

2x T 1 (D + C*)?
g 2 [T L@
Ayn NDF + CF 2+ DF + Ck

x, D¥ — C¥
k+1 _ 1
dxg™ = 2 Dk 4 Ck ©)
2x?
2k+1 _ 1 2
oM = pyck N ©

where the substitutions C*¥ = —21In[(l; — L)/, — I.)]),
D¥ = —2In[(l; - I.)/(I, — I,)]) and I, = tkc[1— (1/2%)]
were used.

In order to push the resolution limit of few tens of
micrometers, a prototype for high-resolution XPCI was
designed, modelled and tested in our laboratory. It is based on
a strongly demagnified (10x) pre-sample mask and uses a
microfocal X-ray source [24]. The resolution was measured by
means of a star-pattern phase-object and compared with a
wave optics simulation of the whole imaging system. The
accuracy of the retrieval was tested by using a two-material
sample of known shape and composition.

I1l. RESULTS

The minimum number of projection images required for
retrieving absorption, refraction and ultra-small-angle
scattering is three, acquired by using different displacements
x,3 between the pre-sample and the detector mask. The
optimization of the acquisition of these projection images was
studied by means of a numerical simulation. An ideal single-
photon counting detector was considered and the noise
implemented as Poisson statistics fluctuations. The total
number of photons allowed through the pre-sample aperture
was kept constant while changing x; and x5. This provides
information for the optimization of the data acquisition in our
prototype, and could be adapted for the design or optimization
of any edge-illumination set-up. The results of this series of
simulations are shown in Fig. 2, the position of the minimum
identifies the settings that yield the highest signal-to-noise
ratio for a given photon flux. The geometry used in the
simulation was 1.6 m from the source to the pre-sample mask,
2 m source to detector distance, 70 micrometers source size,
12 and 67 micrometers for the pre-sample mask’s aperture and
pitch and 20 and 84 micrometers for the detector mask’s
aperture and pitch.
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Fig. 2. Numerical simulation of the noise propagation in the retrieved images.
The photon statistics is kept constant while changing the displacement
between the sample and detector mask.

The retrieval was expanded to include non-ideal sources and
optical elements. When this occurs an offset could be present
in the illumination function and can be taken into account by
using the set of Egs. (3)-(6). This process was simulated for a
known numerical phantom and the error between the retrieved
images and the known solution was calculated after iteration.
The results are shown in Fig. 3. The error between the known
numerical sample S;; and the retrieved one R;; is calculated as
err = (1/N) %;;(S;j — Ri]-)2 and it is plotted as function of
the number of iterations k. The indices i and j cover the pixels
of the image and N is their total number

iterations [k]

Fig. 3. Convergence of the iterative solution for 10% (triangles), 20%
(crosses) and 30% (circles) offset in the illumination curve.

The retrieved values (solid lines) converge to the exact
solution (dashed lines) within a few tens of iterations. Blue,

displacement [um]

displacement [um]

green and red respectively refer to absorption, refraction and
scattering; triangles, crosses and squares refer to 10%, 20%
and 30% offset on the tails, respectively. This shows the
robustness of the imaging method and of the developed
retrieval algorithm.

With the high-resolution setup [24], a 1.5 um minimum
separation between dark and bright fringes was measured by
using a phase star pattern. This was confirmed by a
polychromatic wave optics simulation [25], which showed
good agreement with the experimental data. These results
were achieved at the high X-ray energy of 80 kVp on a
tungsten target, at which the origin of the signal can be
considered to be pure phase contrast. An example of refraction
image of two boron fibers crossing each other is shown below,
in Fig. 4.

Fig. 4. Refraction image of two boron fibers (with tungsten core) crossing
each other. The image was acquired at 80 kVp, the scale bar is 50
micrometers.
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IV. CONCLUSIONS

and  coded-aperture  are  non-

interferometric and achromatic X-ray phase-contrast imaging
techniques, capable of simultaneously retrieving absorption,
differential-phase and ultra-small-angle X-ray scattering. The
optimization of the data acquisition scheme was studied based
on numerical simulation results. The retrieval algorithm was
expanded to account for the offset that is present in the
illumination function when the masks allow a fraction of the
radiation to go through the absorbing septa. A high-resolution
set-up provided micrometer spatial resolution with X-ray
energies up to 80 keV.
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