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Experimental setup
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Fig.1 Experimental setup used for combined analyser-based/propagation-based computed tomography of
small biological object (an insect) and of a test phantom (nylon fibres). X-ray energy used E = 25keV;
symmetric Si(111) reflection in the monochromator (M) and analyser (A) crystals, 6g = 4.53597°; detector
effective pixel size 8.17um.



Fig.2 Photograph of the experimental setup. M — single-crystal monochromator, O — object stage with
optional vertical (horizontal) rotation axis, A — single-crystal analyser, D — detector.

Monochromator: fixed-exit double-crystal bent-Laue Si(111) pre-monochromator, 144 m downstream from
the source, and a plane Si(111) monochromator, 10 m downstream from the pre-monochromator. This
combination of the bent-Laue monochromator and the single plane monochromator produced a very narrow
beam with the vertical size about 1 mm in the object plane. This did not allow the whole object (phantom) to
be irradiated (the outer diameter of the phantom was 2 mm) and only the central part of the phantom was
used for CT.

Object: as the first test object, a small insect (unknown bug species) was used. The second test object was a
well characterised phantom consisting of a hollow Perspex cylinder with the inner and outer radii equal to
correspondingly 1800 and 2000 microns with four Nylon fibres inside (aligned along the cylinder). The
diameters of the fibres are 100, 240, 330 and 420 microns. The schematic cross-section of the phantom is
presented in Fig.5.

Analyser: plane silicon crystal, symmetric (111)-reflection.

Detector: a Frelon CCD-based camera with a chip containing 2048x2048 pixels. The camera is coupled with
a “10 micron pixel optics” that has a 10 micron thick Gadox powder scintillation screen and the resulting
effective pixel size is nominally of 7.5 micron in the image (with a spatial resolution of about 16 micron). In
the experiment the effective pixel size was measured to be 8.17 microns. The dynamic range of the CCD
camera was 14 bits.

Description of the experiment

The conducted experiment was aimed at the establishment and first tests of a new method for
Computer Tomography (CT) with the use of analyser crystal (analyser-based imaging, ABI). The method
differs from the already well established ABI-CT techniques [1,2] in that it: (a) uses a different experimental



geometry in which the axes of rotation of the sample and that of the analyser crystal are parallel to each other

(as in [3-5]), (b) uses a new method for computer reconstruction of the 3-dimensional (3D) distribution of the

complex refractive index inside the sample. The new reconstruction ABI-CT algorithm was recently

presented by us at the SPIE conference [6]; it has been shown to be more numerically efficient and less
sensitive to noise in the experimental data compared to previously known algorithms [1-5]. We were also
intented to utilize a powerful new technique [7] for explicit accounting for the inevitable deviations of the
incident X-ray beam from the idealized plane or spherical wave. We used one specially manufactured sample
consisting of several different weakly absorbing components, namely a Perspex cylinder with Nylon fibres of

100, 240, 330 and 420 um diameter, for the initial test of the method. This well-characterised sample was

intended to use for initial tests and calibration of the new ABI-CT method.

High coherence and high intensity of the X-ray beam available at ID17 beamline have been utilised in
order to enable the proposed ABI-CT experiment. Multiple (9 for the vertical rotation axis of the object and
15 for the horizontal one) 2D images have been collected at each angular position of the sample by rotating
the analyser crystal through the rocking curve. This was arranged for compensation of the optical aberrations
of the incident beam and reconstruction of the phase derivative in the object wave for each axial projection.
The sample was rotated over 180 degrees with the angular step of 0.25 degree. For this experiment 25 keV
energy and the Si(111) reflection of the analyser crystal were used. Data have been acquired with a CCD
Frelon camera (8.17 micron effective pixel size and about 16 micron spatial resolution). Flat field images
(with the sample removed) have been collected every 40 angular positions in order to account for possible
changes in the beam intensity distribution over the duration of the experiment. For testing of the ABI-CT
method, the object-to-detector distance ideally have to be minimized in order to minimize the propagation-
based phase contrast. In the current experiment, the total object-to-detector distance was about 1.6 metres
which did not allow complete suppression of the propagation-based contrast. Therefore the combined
analyser-based/propagation-based version of the method [7] was planned to be used.

It was planned that the background- and dark-current-corrected images corresponding to all angular
deviations of the analyser crystal would be acquired and processed according to the improved version [7] of
the phase/amplitude retrieval algorithm in order to reconstruct the amplitude and phase derivative
distribution in the object plane at each angular orientation of the samples. The following factors did not allow
direct application of the multi-image phase/amplitude reconstruction method described in Ref. [7]:

1. Rotation axis of the analyser crystal did not lie on the crystal surface. This resulted in that different parts
of the crystal surface have been irradiated at different angular deviations of the analyser crystal;

2. Detector position was fixed and the images were collected using different pixel windows (rows of pixels)
in the CCD camera. Positions of the windows did not match the shift of the image due to analyser crystal
rotation.

As a result, the images collected at each fixed axial position of the object but different angular positions of

the analyser crystal were misaligned and had different flat-fields. As no special alignment markers were used

in the object, all our attempts to align the images using correlation techniques have been unsuccessful.

Therefore we could not use the multi-image phase/amplitude reconstruction technique. Instead, a less

accurate phase reconstruction method for combined analyser-based/propagation-based imaging [6,8] for a

homogeneous object was applied.

The retrieved amplitude and phase distributions have been used to determine the 3D distribution of
the refractive index in the sample. These experimentally determined values of the refractive index have been
compared with the theoretical estimations in order to verify the accuracy of the technique (see Results).

Results

As intended, the primary goal of this experiment was verification of the new experimental technique
for quantitative amplitude/phase microscopy and tomography of non-crystalline samples using coherent hard
X-rays and analyser crystal. The technique potentially allows non-destructive measurement of 3D
distributions of the complex refractive index inside biomedical samples from the series of images collected at
different angular deviations of the analyser crystal for each angular orientation of the sample.

First, combined ABI/PBI tomographic data for the first object (the bug) were acquired with the
rotation axis of the analyser crystal perpendicular to the rotation axis of the object (“standard” geometry).
Example raw image of the bug and the corresponding flat field image are presented in Fig.3a and Fig.3b
respectively. Both images are 521x231 pixels and according to Fig.3b the field of view (FOV) in vertical
direction was limited to about 700 microns (FWHM). Therefore only a narrow vertical slice of the bug (128



pixels high) was used for the reconstruction, see the normalised image in Fig.3c which was trimmed down to
512x128 pixels. Although several tomographic series, corresponding to 9 different angular positions of the
analyser crystal, were acquired during the experiment, only the series corresponding to the position of the
analyser at the top of its rocking curve was used for the tomographic reconstruction. Figure 3d shows a
reconstructed contact image of the object corresponding to Fig.3c, taking into account only the effect of free-
space propagation and neglecting the effect of the analyser crystal. The latter was possible as the images
were acquired at the top of the analyser rocking curve. Two sinograms corresponding to the central slice (in
Fig.3c) of the object, using correspondingly the original images (like one shown in Fig.3c) and the
reconstructed contact images (similar to that shown in Fig.3d), are presented in Fig.3e and Fig.3f
respectively. Standard filtered backprojection (FBP) algorithm was then applied to these sinograms and the
results are presented in Fig.3g and Fig.3h respectively. The corresponding 3D representations of the
reconstructions of the whole set of data are shown in Fig.4a and Fig.4b (correspondingly without and with
the contact images reconstruction).

In the second configuration the rotation axis of the analyser-crystal was parallel to the rotation axis of
the object ("new" geometry). Fourteen tomographic data sets (for 14 different deviations of the analyser-
crystal) for both test objects were collected. We consider the results for the phantom presented in Fig.5
corresponding to the angular position of the analyser-crystal at the negative slope (at half maximum) of its
rocking curve. An example sinogram calculated using the original images of the phantom is shown in Fig.6a
and the corresponding result of applying the FBP algorithm to this sinogram is shown in Fig.6c. Also, we
have reconstructed the contact images of the object using the algorithm proposed in Refs.[6,8]. An example
sinogram, for the same slice as in Fig.6a, using the reconstructed contact images is shown in Fig.6b and the
corresponding FBP reconstruction of this slice is presented in Fig.6d. Rotation axis of the object is indicated
by the red cross in Fig.6¢ and Fig.6d. It was found to be located 241 microns from the centre of the FOV (this
distance is indicated by the blue line). White dashed circle in Fig.3c and Fig.3d indicates the part of the
object which was within the FOV in all projections (we call this circle a region of interest (ROI) and in this
experimental data set the diameter of this ROI was limited to 564 microns). As the ROI is located inside the
object, the data shown in Fig.6 present an example of quasi-local tomographic reconstruction [9] where the
tomographic reconstruction error depends on the distance of the point of interest from the boundary of the
ROI. Analysis of data presented in Fig.6d gave the following value for the imaginary part  of the refractive
index of the smallest fibre, p = (1.43 + 0.09)x10*° while the theoretical value for the 25keV energy used in
our experiment Bieor = 1.41x107%. Thus a good quantitative reconstruction for the phantom has been
achieved using this data set.
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Fig. 3 Analyser-crystal set at top of the rocking curve, vertical rotation axis of the object. Representative raw
image (a single projection of 721) of the bug (a), the corresponding flat field (b) and the normalised (and
trimmed) image before (c) and after (d) amplitude reconstruction; sinograms (512 pixels x 721 projections)
of the central slice using the images before (¢) and after (f) amplitude reconstruction, and the corresponding
FBP reconstructions (512x512 pixels) of the slice, (g) and (h) respectively.



Fig.4 Three-dimensional rendering of the reconstruction (using FBP algorithm) applied to the original images
(@), collected with the analyser-crystal positioned at the top of its rocking curve, and to the reconstructed
contact images (b) using the TIE-based reconstruction algorithm [6].



Fig.5 Schematic representation of the phantom used in our experiments. Diameters of the Nylon fibres (N):
100 pum, 240 pum, 330 wm and 420 um. Outer and inner diameters of the Perspex hollow cylinder (P):
2000 pum and 1800 pm.



Fig. 6 Sinogram (128 pixels x 721 projections) of a
representative single slice of the object, calculated
using the original (unprocessed) images (a) and
filtered (processed) images (b) and the corresponding
FBP reconstructions (128x128 pixels) of the slice
(c,d).
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